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ABSTRACT 
Part I 


The aqueous solution chemistry of the methylmer- 
cury complexes of selected inorganic anions has been 
investigated by proton magnetic resonance spectroscopy. 
Formation constants were determined for the sulfate, 
selenate, sulfite, selenite, hydrogen selenite, thio- 
cyanate, and selenocyanate complexes from the pH depend- 


ano ear spin-spin 


ence of the chemical shift and the 
coupling constant of the methyl group of methylmercury in 
solutions containing both methylmercury and the ligand. 


Seer spin-spin coupling 


The chemical shift and the 
constant of the methylmercury in each of the complexes 
were also obtained from the same measurements. NMR 
parameters were measured for several complexes with sul- 
fide and selenide. The ligand donor atom in each of the 
complexes was identified using the formation constants, 
the pete spin-spin coupling constant of the complexed 
methylmercury, and in some cases, Raman spectral data. 
iieaseon particilar interest that selenite, which can “act 
as a protecting agent against methylmercury poisoning in 


animals, does mot form a particularly strong complex with 


methylmercury. 
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Parra v. 


INGsniyaraced Pr (iis) and Bullitt) cations ana the 
ethylenediaminetetraacetic acid, the N-(2-hydroxyethyl1) - 
ethylenediaminetriacetic acid, and the cyclohexanediamine- 
tetraacetic acid chelates of Pr(III) have been investig- 
ated as potential NMR shift reagents for general use in 
aqueous solution. Pr(IIi) and Eu(III) were useful only 
at low pH values, because of their precipitation as 
hydroxides at pH igreater tnany ca, 76.5. Pr (111) “induced 
shifts were more suitable than Eu(III) induced shifts in 
aqueous solution, and the effect of the counterion of the 
Pr (III) salt on the induced shifts was studied. The 
interaction of the various shift reagents with monofunc- 
Cicnalsmolecules containing, Carboxylic acid, amino, 
imidazole, sulfhydryl, and sulfonic acid functional groups 
was Studied.» Pr(Iil) complexes only the carboxylate and 
sulfonate groups. The Pr(III) chelates of the aminopoly- 
carboxylic oe were found to function as shift reagents 
over the entire pH range 1 to 12. They interact with the 
carboxylate, amino, imidazole, and sulfonate functional 
groups. The pH dependence of the induced shifts indicates 
that these shift reagents complex the deprotonated 
carboxylate and sulfonate groups, and form ion pairs with 


the protonated amino and imidazole groups. 
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Part I 


METHYLMERCURY COMPLEXES OF SELECTED INORGANIC ANIONS 


CHAPTER 1 


INTRODUCTION 


The coordination chemistry of the methylmercury 
Cation, CH,Hg, has been the subject of much research. 

EE 1s an essentially unifunctional metallic: species (1) 
and the simplest soft acid known (2). The apparent 
absence from chelating effects with methylmercury renders 
this cation an excellent probe for studies of heavy metal 
binding. (3). 

Methy lmercurny  nassa -Strongsaltinity stor suleur anc 
it has been used as a highly selective reagent for pro- 
tein sulfhydryl groups for some time (4). The formation 
constants of methylmercury complexes of amino acids (5), 
nucleosides (6), and inorganic anions (1) have been meas- 
ured —potentaometrically.. / formation constants (7,887,100) 7 
sites of binding (8-10) and ligand exchange kinetics (10) 
have been studied for a variety of methylmercury com- 
plexes of amino acids by nuclear magnetic resonance tech-— 
niques. 

Part I of this thesis reports nuclear magnetic 
‘resonance and Raman spectroscopic studies of the aqueous 
solution chemistry of methylmercury complexes of a variety 
of inorganic anions, including some which have oxygen, 
Sultur | or selenium as potential donor atoms. » These 


Studtecware of Particular interest. in view of the role jor 
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methylmercury in environmental pollution by mercury com- 
pounds. Methylmercury has been shown to be the species 
involved in several mercury poisoning incidents (11) in 
which there was irreversible damage to the central ner- 
vous systems of the victims. 

The present widespread concern over mercury in 
the environment is a consequence of the discovery that 
metallic and inorganic mercury, both of which are highly 
insoluble and therefore reasonably harmless to the 
environment, can be methylated by microorganisms present 
in nature to form methylmercury (12-14). This methyla- 
tion can take nice anaerobically via enzymatic and non- 
enzymatic pathways. The highly toxic methylmercury is 
water-soluble and biologically mobile. It is capable of 
leaving the bottom sediments of rivers and lakes, entering 
the aquatic system, and concentrating in the food chain. 
Thus, a detailed knowledge of the coordination chemistry 
of methylmercury with inorganic anions is of interest to 
our understanding of the behavior of methylmercury in 
natural water systems. 

The complexation of methylmercury by inorganic 
ar LOnsS seal sovol interests an View Of recent studies on 
antidotes for methylmercury poisoning. The usual heavy 
metal poisoning antidotes such as British Anti Lewisite 
(BAL), sodium ethylenediaminetetraacetate, and penicill- 


imine are ineffective for methylmercury poisoning (15). 
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However, it has been reported recently that sodium sel- 
enite decreased the toxicity of methylmercury added to 
Lierdlet Om rats. (1617). Related to this: are theseindings 
that selenium and mercury tend to accumulate together in 
fish (12), and that dietary tuna fish decreased the 


toxicity of methylmercury administered to quail (16). 
A. The Aqueous Solution Chemistry of Methylmercury 


The first investigation of the aqueous solution 
chemistry of methylmercury was reported in 1955 by 
Waugh, Walton, and Laswick (18). By the potentiometric 
titration, of methylmercuric hydroxide with nitric sid 
perchloric acids, they determined the formation constant 
of methylmercuric hydroxide, as described by Equations 


I@and 2, to be 3.1 x 10°. This method is based on the 


+ -_ 
CH,HgOH, + OH Be CHHgOH Gis) 
[CH,HgOH] 
Ky Be ee (2) 
[CH,HgOH,, | [On] 


assumptions that the only methylmercury species are the 


* and methylmercuric hydroxide 


hydrated cation CH.HgOH 


5 Z 


CH,HgOH, and that there is no association between methyl—- 


mercury and the nitrate or perchlorate anions. 


In 1965, Schwarzenbach and Schellenberg (1) 
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developed a model for the aqueous solution chemistry of 
methylmercury which included a third methylmercury species, 
a dinuclear complex with two methylmercury cations coor- 
dinated to the same hydroxide ion, (CH Hg) ,0H. Thais 

more complete model is described by Equations 1-4. By 

+ 


HgOH og CH 


: Hg)0H* + H,O (3) 


CH.HgOH + CH 
J 2 2 


3 3 3 


[ (CH,Hg).OH"] 


Z + 
[CHHgOH] [CH3HgOH, ] 


potentiometric titration, the values 2.34 x 10° and 


22049 x 107 were obtained for K, and K. (1). 


al 2 

In a study of the solution chemistry of methyl- 
mercury not referenced by Schwarzenbach and Schellenberg, 
Grdenic and Zado (19) reported that trismethylmercuriox- 
onium perchlorate, [ (CH3Hg) ,0]C10,, precipitates from 
concentrated methylmercuric hydroxide solutions titrated 
Wie eseLcilouic, acid. On ther basis Of theserresimtsc, 
the completeness of the model proposed by Schwarzenbach 
and Schellenberg has been questioned by Green (20) and 
by Tobias and coworkers (21), who suggest that (CH,Hg) 50" 
should be included in the aqueous solution model of 
methylmercury. It should be mentioned, however, that a 
number of the conclusions drawn by Grdenic and Zado are 


not in accord with current knowledge of the solution 
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chemistry of methylmercury. For example, Grdenic and 
Zado concluded that methylmercuric hydroxide 
does not exist except in dilute aqueous solution 
as the dissociation product of [ (CH3Hg) ,0]OH. Further- 
more, they claimed to have prepared [ (CH,Hg) ,0] OH by a 
reaction between [(CH,Hg) ,0]Clo, and KOH in methanol. 
They also concluded from conductance data, that (CH Hg) ,07 
is stable in alkaline methanol solution and that the 
compound previously thought to be CH 3HgOH LSeactuall Ly. 
[ (CH,Hg) ,0] OH or its dehydration product. 

In Chapter III of this thesis, the aqueous solu- 
tion models of methylmercury are considered further and 


the Schwarzenbach and Schellenberg model is modified to 


include the trismethylmercurioxonium ion. 


Be ner Coordination Chemistry Or Mechylmercury 


The coordination chemistry of the methylmercury 
CaciOone!s Characterized DY Wtssunifunctional, natures (1), 
the tendency to linear two-coordination typical of di- 
valent mercury being greatly accentuated when one ligand 
PSwaneOrdanic radical. fhe non—lability of the mercury — 
carbon bond of methylmercury is proven by the presence 
of satellite resonances in the NMR spectra of methylmer- 
cury complexes (22). These satellites arise from spin- 
spin coupling between the 16.9% of mercury atoms having 


pbs) 


nuclear spin one-half ( Hg) and the protons of the 


methyl groups attached to these mercury atoms. The 
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satellite resonances would be very broad or undetectable 
in methylmercury spectra if there were dissociation of 
the mercury-carbon bond on the NMR time scale. 

In early NMR studies of methylmercury compounds 
some confusion existed as to the lability of the mercury- 
carbon bond because the satellite resonances are broadened 
in the iodo- and bromo- methylmercury complexes (23). In 
1967 it was shown that this broadening is not a result 
Of exchange Of labile methyl groups, but rather 1s due ‘co 


9 


quadrupole interactions between the Hg and the bromine 


Or the iodine (24). 


The uncomplexed methylmercury cation, CH,Hg, is 


never observed in aqueous solution (25). Stoichiometric- 
ally, 1 resembles the proton in complex formation (1). 
In aqueous solution containing only methylmercury it 


exists as CH,HgOH eine pH < 2, analogous to the hydronium 


3 2 
ion. At higher pH, methylmercury complexes to hydroxide, 


existing entirely as CH3HgOH at pH > 9 (26)8  Methyimexr— 
cury shows a strong tendency for higher complex formation 


and many polynuclear complexes are known. Series of the 


2-n 3-n 


type L™” + CHHgL’ " + (CHjHg),L° " + (CHjHg),L~ " have 


3 


becmuctuaved for a variety OLsligands, Similan, to the 


series LE > HL > HoL > H 


+ 
forms the oxide complexes (CHHgOH, (CH,Hg) 0H ; 


L. For example, methylmercury 


(CH Hg) ,0°) in water. [his series as discussed in edetarl 


in Chapter III. Analogous methylmercury complexes of 


nates — [fos 
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sulfur (1,27), nitrogen (28), phosphorous (29), selen- 
ium (30), and arsenic (31) have also been reported 
although they exist in slightly different forms due to 
the weaker acidity of oxygen-bound protons. For example, 
Schwarzenbach and Schellenberg (1) reported the complexes 
CH,HgS , (CH,Hg) 5S, (CH Hg) ,S" to be present in the 
aqueous methylmercury-sulfide system. 

Although the methylmercury cation most frequently 
adds just one ligand, a coordination number of four is 
ebtenrcharaccteristic (of fig (SZ )i ye THeCreLoLre the possiD— 
ility of further complexation to methylmercury must be 

1-2n 


3HgL5 and 


rarely have been detected in aqueous solution 


considered. Complexes of the type CH 


1-3n 
a) 3 


studies, but they have been found in non-aqueous solution 


CH,HgL 


and in the solid state (33-34). Plazzogna and coworkers 


(33) reported a formation constant of 1.00 x ae for 


CHAHgcl, in acetonitrile solution. This constant was 
determined by a spectrophotometric method which measured 
the tree chloride concentration by its Effect on the 
LOMLZe ELON OL (C(H.) ,CCl. Canty and Marker (34) reported 
the formation of three-coordinate methylmercury in com- 
‘plexes of neutral donor ligands (pyridine and pyridine 
derivatives) in the solid state and in methanol solution. 
The solid state complexes were studied by infrared spec- 


troscopy and x-ray crystallography while the solution 


complexes were studied by NMR spectroscopy. 
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Schwarzenbach and Schellenberg (1) measured the 
tendency of CH Hg" toward higher complexation in aqueous 
solution by a solubility study of methylmercuric iodide 
in potassium nitrate and in potassium iodide. They ob- 
served solubilities of 1.67 x 107° moles/1. in 0.1 M KI 


and 1.41 x 107? moles/l. in 0.1M KNO,. This difference 


3° 
was attributed to the formation of CH,HgI, in excess 
iodide solution. They calculated the formation constant 
one, CHadgt. to be =-2 compared to 47x T0n for the CH,HgI 
complex. Similar results were obtained in the study of 
CH3Hg (CN). and CH,Hg(SCH,CH,OH), , suggesting that 
methylmercury has little tendency for complexing more 
than one ligand. 

The same conclusion was reached by Simpson (5) 
from his studies of the methylmercuric cyanide complex by 
solute distribution experiments in toluene and water, and 
by Goggin and Woodward (35) who were unable to detect 
CH Hg (CN) 7" type complexes by Raman spectroscopy. 

Sytsma and Kline (36) reported an NMR Study of 
methylmercury complexes of some potentially chelating 
thiophenols. They observed mercury-proton coupling con- 
stants typical of methylmercury coordinated to one ligand 
and not of methylmercury bound to two or three ligands, 
and concluded that thiophenol binds as a monodentate 


ligand to methylmercury. 


Barbieri and Bjerrum (37), however, found evidence 
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for three and four-coordinate mercury in the ethylmercury- 
thiocyanate and -iodate systems which they studied by 
polarography. They determined the formation constants of 
CoHeHg (SCN), and CoHgHg (SCN) ,~~ to be 0.80 and 1.6 res- 
pectively and the formation constants of the corresponding 
gdodate complexes to bel 0.220and.5.6. These results are 
consistent with the conclusion of Schwarzenbach (1) that 
only one-coordinate methylmercury complexes are important 
in aqueous solution. 

Relf, Cooney and Hennicke (38) studied the methyl- 
mercury-thiocyanate system by NMR and vibrational spec- 
troscopy. They monitored thesmercury-=proton coupling 
constant in the NMR spectrum and the Hg-S stretching fre- 
quency in the Raman spectrum as a function of the thio- 
cyanate to methylmercury ratio. Neither the coupling 
constant nor the Hg-S stretching: frequency changed 
appreciably from an equimolar methylmercury-thiocyanate 
SOLULIONEtOsasSOlUution=contalning a ,Sixteens foldvexcess 
of ligand. These results were taken to indicate that no 
appreciable change in the hybridization of the mercury 
occurred and, therefore, that only one thiocyante ligand 
nae covalently to the methylmercury. The formation of 
an ion-dipole complex, CH,Hg (SCN), ,was not eliminated 
by these studies. 

llona.e¢ interactions. resulting in <~fkectaveymercury 


coordination numbers of three and four have been observed 
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in solid state studies of methylmercury complexes of amino 
acids (39-40). In the x-ray study of the 2:1 methylmer- 
cury-penicillamine complex (39), Carty and coworkers re- 
port the formation of a zwitterion complex with the 
dianion of penicillamine. In this complex, one methyl- 
mercury 1S bound to the deprotonated sulfhydryl group and 
the second methylmercury to the amino and carboxylate 
groups, with a positive charge localized on the amino 
group and a negative charge on the carboxyl group. Ina 
separate x-ray study (40), Carty investigated the methyl- 
mercury complexes of L-cysteine and methionine. In each 
case, strong covalent interaction between the methylmer- 
cury and one functional group (the deprotonated sulfhydryl 
of cysteine and the amino of methionine) was evident. 

But in both cases, additional weak ionic interaction with 
the carboxyl group was indicated by a Hg-O distance 
shorter than the sum of the Van der Waals radii. 

These methylmercury complexes of penicillamine, 
cysteine, and methionine have been studied in aqueous 
solution by nuclear magnetic resonance spectroscopy (8,10). 
In all cases, there was no evidence of methylmercury being 
more than one-coordinate in aqueous solution. These re- 
sults are consistent with a predominant coordination 
number of one for CHHg” and andicate that. complex eseo - 
higher coordination number cannot form without the advan- 


tages that the solid state or non-aqueous solvents offer. 
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In methylmercury complexes, the mercury~ligand 
bond is quite labile resulting in exchange of the ligand 
among the methylmercury ions. This exchange is usually 
fast on the NMR time scale, however, in some instances 
the rate of exchange is slow enough to be measurable by 
NMRelinesbroadening, techniguesis) In.1967,eSimpson: (22) 
studied the displacement of hydroxide ion from methylmer- 
curic hydroxide by the cyanide ion. This reaction appears 
to proceed via an associative mechanism rather than the 
dissociative mechanism characteristic of most other metal 
complexation reactions (41). Simpson, Hopkins, and 
Hague (9) have reported kinetic data for the binding of 
methylmercuric chloride by N-acetyl-L-cysteine. They 
concluded that the exchange of peptide between the free 
and complexed forms is by a first order dissociative mech- 
anism. Their study is suspect, however, because the rate 
constant predicted for the reaction of methylmercury and 
N-acetyl-L-cysteine from their results and the formation 
constant of methylmercuric cysteine (5) is several orders 
of magnitude larger than that for a diffusion-controlled 
bimolecular reaction. Recently, NMR studies of the 
kinetics of the methylmercury-methylamine (42) and the 
methylmercury-glutathione (10) systems have been reported. 
In the methylamine system, first order dissociation of 
the complex was found to be the significant contributor 


to the methylamine exchange. For the glutathione system, 
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the major pathway for ligand exchange was found to be pH 
dependent; below pH" 2,"a > proton—assisted! dissociation of 
the complex is important, while above pH 2, ligand dis- 
placement pathways are dominant. 

For most methylmercury systems, except the methyl- 
amine and glutathione systems discussed above, exchange 
averaged NMR spectra were observed, indicating that ligand 
and methylmercury exchange is fast on the NMR time scale, 
even when very strong complexes are formed. This has 
been attributed to two types of reactions (42), represented 


by Equations 5 and 6 which have the effect of labilizing 


CH,HgX + CH 


+ 
3 3Hg > (CH3Hg) 5X (5) 


wl 


* * 
gop. Oe so (OD leeep.C ae 24 (6) 


CH se Git 


3 
the mercury-ligand bond. The first of these reactions, 
Equation 5, 1S. known to be important because of the 
ability of methylmercury to form polynuclear ‘complexes. 
The second reaction, Equation 6 is important because of 
the ability of methylmercury to react with excess ligand. 
Heapeien an Linus cnapter, Lo Was, pointed out thate2e] 
methylmercury-ligand complexes form only in small amounts, 
but these small concentrations are apparently kinetically 
important (10). 


Some guantitative work has been reported on the 
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complexation of methylmercury by inorganic anions. Wood- 
ward and coworkers have determined the degree of dissoci- 
ation of methylmercuric salts in aqueous solution by 
Raman spectroscopy (25,43,44). They reported that methyl- 
mercuric perchlorate is completely dissociated in concen- 
trated aqueous solution (25), while methylmercuric nitrate 
is only partly dissociated (25). By intensity measurements 
on the nitrate bands in the Raman spectra of concentrated 
methylmercuric nitrate solutions, they estimated the 
degree of econo ier of methylmercuric nitrate to be 
Simitar to the degree of dissociation Of nitric acid (43): 
Similar investigations on the methylmercury complexes of 
methanesulfonate and sulfate showed that these salts also 
are only partially dissociated in aqueous solution (44). 
tn 1961) Simpson (5) “reported a polarographic 
study of the binding of methylmercury by a variety of 
ligands. Formation constants were calculated for methyl- 
mercuric hydroxide, chloride, acetate, and thiocyanate 
and for several amino acid complexes of methylmercury. 
These results were evaluated in terms of the aqueous solu- 
tion model of Waugh, Walton, and Laswick (18) which, as 
mentioned above, did not include the methylmercury dimer 
(CH Hg) ,OH™ OF acme (eet) fo" Nevertheless, he ob- 
tained semi-quantitative information about the complexa- 
tion behavior of methylmercury. Simpson concluded from 


these studies that, of the potential sites for the binding 
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of methylmercury to proteins, the sulfhydryl group is the 
most important followed by the imidazole nitrogen and the 
amino group. 

In a separate study, Simpson (6) investigated the 
binding of methylmercury by nucleosides. From absorption 
spectroscopy data, he evaluated formation constants for 
the methylmercury-nucleoside complexes and determined the 
nitrogen sites involved in the binding of methylmercury. 
Recently, Tobias and coworkers have reported studies of 
the binding of methylmercury by pyrimidine nucleosides 
and nucleotides (45) and by purine nucleosides and 
nucleotides (3). Using Raman difference spectroscopic 
data, they concluded that the methylmercury binds prefer- 
entially to one of the deprotonated ring nitrogens rather 
than to an oxygen site. 

In 1965, Schwarzenbach and Schellenberg (1) re- 
ported a study of the methylmercury complexes of a wide 
VArICEVSOr.Ordanicsand anorganic ligands. from potentio— 
metrics titracion data, they calculated formation constants 
for a number of complexes; those which are of interest to 
this cCliesics are wlisted inatable Le. ~The results they 
obtained are consistent with the unifunctional, sort acid 
theory of methylmercury which predicts strongest methyl- 
mercury complexation to sulfur-binding ligands, followed 
by nitrogen and then oxygen-binding ligands. It was 


pointed out by Schwarzenbach and Schellenberg that, 
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TABLE 1 


Formation Constants of Methylmercury Complexes 


Ligand 


CH HgS- 


is) 
(CH,Hg).S 


HO- CH acl jas 


HO-Che CHES s—-HgcCu 


2 2 3 


CN 


a) Reference l. 


of Selected Ligands 


- 14, 


100 
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aga 


-60 
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although the methylmercury cation has been compared to 
the» proton in the ‘simple “stoichiometry of its reactions, 
the tendency for complexation with various ligands is 
dviferent because the proton is a hard acid, preferring 
oxygen to sulfur-binding ligands. 

The binding of methylmercury by carboxylic acids 
(46), amines (7), sulfhydryl-containing amino acids (8- 
LO} and glutathione (10) has been quantitatively charac- 
terized in aqueous solution by nuclear magnetic resonance 
spectroscopy. The conditional formation constants 
calculated for these complexes (42), show that the sulf- 
hydryl group always binds methylmercury most strongly. 


At low pH, the carboxyl group and HO compete more 


2 
effectively than the amino group for the methylmercury, 
while at high pH the methylmercury prefers the amino 


group or hydroxide to the carboxyl site. 


GC. Overview of Part I 


As indicated at the beginning of this chapter, 
little beyond formation constants has been reported: for 
the complexation of methylmercury by inorganic anions in 
aqueous solution. It was decided to attempt to obtain 
more information about these systems at the molecular 
level. Nuclear magnetic resonance spectroscopy was chosen 
as the technique for this study. It can monitor the 
behavior of the methylmercury at the molecular level, pro- 


viding information about both the structure and stability 
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Of theycomplex, iin contrast to,potentiometric titration 
methods which only can provide formation constants. NMR 
has proven useful in other studies of methylmercury com- 
plexes, in which formation constants (7,8;10)., ligand 
exchange kinetics (10) and ligand binding sites (8-10) 
have been determined. 

The proton NMR spectrum of methylmercury consists 
of a methyl singlet flanked symmetrically by two less 
intense satellite peaks. The singlet is due to the pro- 
tons of methyl groups bound to mercury atoms having a 
nuclear spin of zero, while the satellites are due to 
protons of methyl groups bound to the 16.9% of mercury 
having nuclear spin one-half arene Both the chemical 
shift of the methyl singlet and the mercury-proton spin- 
Spinscoupling ‘constant of CH ,HgX are dependent on the 
nature of the, ligand, X, coordinated to the methylmercury. 

An-early study by Hatton jet als (23) of methyl-— 
mercury complexes of cyanide, acetate, hydroxide, chloride, 
nitrate, and perchlorate suggested that the magnitude of 
the spin-spin coupling constant decreases as the substi- 
tuent is made more electronegative. A linear relation- 
ship between the spin-spin coupling constant of complexed 
methylmercury and the PK. of the ligand has been observed 
in several instances. Sytsma and Kline (36) reported 
such a relationship in methylmercury complexes of organic 
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Spin—-spin coupling constant and the PK, are related to 
the polarizability of the basic site to which the proton 
or the methylmercury is bonded. Similar relationships 

of the spin-spin coupling constant of methylmercury 
carboxylates in chloroform solution (47) and in aqueous 
solution (46) to the pK, of the carboxylic acid have been 
reported. Goggin and coworkers (48) also found that the 
eee en coupling constant depends on the ligand in 
methylmercury complexes, concluding that the coupling 
constant gives a measure of the metal-ligand bond strength 
Or@ake Gash the S=orbital, contribution te ib woecnesrold 
(49) reported a linear relationship between the spin-spin 
coupling constants and the formation constants of methyl- 
mercury complexes of cyanide, thiosulfate, and the 
halides. 

The spin-spin coupling constants of a number of 
methylmercury complexes reported in the literature are 
Given inetable 22 8ihis data indicates that this coupling 
constant depends on the nature of the metal-ligand bond, 
and that its magnitude can be correlated to the donor 
atom of the ligand. Because of this dependence, it would 
seem that the ligand to which methylmercury is bonded in 
natural and biological systems could possibly be identi- 
fied from the magnitude of the coupling constant of 
methylmercury in these systems. 


InvChapter iV, the mature of the binding 
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TABLE 2 


The Mercury~-Proton Coupling Constant of Methylmercury 


in Selected Methylmercury Complexes 


Donor Atom J 


Complex of Ligand GEE 
CH,HgCN é NG Ee Aih 
CH,HgCl en pats iphe 

+ 
CH Hoon O 26 0NOG 
3 2 
( 
CH,HgNO, O 22570 
CHHg0.,CCH O 263830 
3 2 Ss } 
ab (Ss 
CH,HgNH.CH, N AIS 
Glutathione” S HO) 1 
a) Hz 
O O 
b) Eagan oe ie 22 
+ ; 
NH3 12 
SH 
Cjeerytidine solution, —Reterence 25. 


dad) Aqueous solution; Reference 46. 
6) Aqueous colution; Reference 7 - 
fy Agueousmsolutvon; Rererence LO: 
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of methylmercury by selected inorganic anions 

is characterized by nuclear magnetic resonance spectros- 
copy. The spin-spin coupling constants of these methyl- 
mercury complexes is of interest because of the sensi- 
tivity of its magnitude to the nature of the ligand. The 
selenite complex of methylmercury was studied because of 
the reported protecting ability of the selenite anion 
against methylmercury. The sulfite complex was studied 
because. of the similarity of the sulfite and selenite 
anions. Other selenium and sulfur complexes of methyl- 
mercury were studied to provide more information about 
methylmercury-selenium and methylmercury-sulfur complexes. 
Where possible, formation constants have been determined 
for the complexation reactions. In several complexes, 
structural information has been obtained from Raman 
spectroscopic studies to support the conclusions from the 


NMR studies. 
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CHAPTER II 


EXPERIMENTAL 


A. Chemicals 


Sodium sulfite (Shawinigan Chemicals), sodium 
bisulfite, {British Drug Houses); sodium sulfate. (Allied 
Chemicals), sodium selenide (Alfa Inorganics), potassium 
selenocyanate (Alfa Inorganics), potassium thiocyanate 
(Baker Chemicals), and t-butanol (Fisher Scientific 
Company) were used as received and, if necessary, their 
solutions were standardized as described below. Sodium 
selenite (Alfa Inorganics), sodium sulfide (Baker 
Chemicals), sodium selenate (Alfa Inorganics), and methyl- 
mercuric hydroxide (Alfa Inorganics) were purified before 
their solutions were standardized. Purification and stand- 
ardization procedures are described below. 

All other chemicals were of the highest grade 
commercially available and were used without further 


DULrLLLcCation,. 


B. Preparation and Standaralzation of Methylmercuric 


Hydroxide Solutions 


The commercial methylmercuric hydroxide contained 
insoluble material and an acetate impurity. The acetate 
impurity was indicated by a singlet in the proton magnetic 
resonance spectrum at 1.91 ppm downfield from the methyl 


resonance of sodium 2,2-dimethyl-2-silapentane-5-sulfonic 
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acid (DSS). To remove the insoluble fraction, an approx- 
imately 0.4 M solution of methylmercuric hydroxide in 
triply-distilled water was passed through a 0.2 micron 
membrane filter three times, or until the solution re- 
mained clear. The filtrate was then passed through an 
anion exchange column (Dowex 1-X8) in the hydroxide form, 
towreplace the acetate ions by hydroxide ions: ~The 


acetate could have been present as CH,HgOAc or as some 


S 
other acetate salt. The cation of the acetate impurity 
was determined by analyzing the stock methylmercury 
solution. 

First, the total hydroxide concentration of the 
solution was determined by adding a small excess of 
sodium thiosulfate to displace the hydroxide from the 
methylmexrcuric hydroxide, according to Equation 7. °/ the 
hydroxide was then determined by potentiometric titration 

2- = 


HgOH + S.,0O AO ehiinieieeyn oS Oat (7) 
g 2 Cyrene 


CH 3 a 


3 
With standard Nitrice acid. This total hydroxide concen— 
tration would be equal to the methylmercury concentration 


only if no other cations were present in the solution. 


The presence of sodium was indicated and its concentration 


was determined by flame photometry. The methylmercury 
concentration of the same solution was determined by the 


sodium chloride titration method described below. The 
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results of these analyses showed that the total hydroxide 
concentration was equal to the sum of the methylmercury 
concentration and the sodium ion concentration. This in- 
dicated that the methylmercury stock solution contained 
methylmercuric hydroxide and sodium hydroxide. The 
sodium hydroxide was formed when the sodium acetate orig- 
inally present in the commercial reagent was passed 
through the anion exchange column. 

The stock solution of methylmercuric hydroxide 
was standardized by a potentiometric titration with 
standard sodium chloride solution, which was prepared by 
weighing dried reagent sodium chloride as a primary 
standard. This methylmercury standardization procedure 
is based on the reaction of chloride ions with the 
methylmercury cation to form methylmercuric chloride. 
This equilibrium is described by Equations 8 and 9. The 


formation constant of methylmercuric chloride in aqueous 


- 


CH,HgOH, ap eae 5 CH HgC1 + HO (8) 
[CH,HgCl] 
ee ae aan ee (9) 
[CH,HgOH,°] {Cl ] 
S) 


Solution is 1.78 x 10° (1). To minimize competition be- 
tween hydroxide and titrant for Sneioie the titration was 


performed at pH 2, where the major £raculon,CoLamechnyl— 
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mercury exists as the hydrated cation. The titration was 
carried out in an ethanol-water solvent system to increase 
the formation constant of the methylmercuric chloride 
complex, and thus increase the sharpness of the break in 
the titration curve at the endpoint. An 80% ethanol by 
volume solvent system was adopted as the optimum titration 
medium. The endpoint was determined potentiometrically 
using a silver/silver chloride indicating electrode and 

a Saturated calomel reference electrode. In the 803 
ethanol by volume titration medium, the potential changed 
approximately 200 mv on going from 1% before to 1% after 
the endpoint. The concentration of a typical stock solu- 
f10nawas found e@iter four such titrations tov bev0 74303 = 


0.0004 M methylmercury. 
C. Preparation and Standardization of Ligand Solutions 


Sodium sulfate and sodium selenate were used as 
the source of the sulfate and selenate ligands. The 
sodium selenate was recrystallized from ammoniacal solu- 
tion to remove traces of acetate which co-precipitated 
from water. Stock solutions of about 0.4 M sodium sul- 
fate or 0.4 M sodium selenate in triply-distilled water 
were standardized by a precipitation titration with 
standard lead nitrate in acidic 80% acetone medium (50). 
Dithizone was used to locate the endpoint. The lead 


nitrate was standardized by passing aliquots of the stock 
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solution through a cation exchange column (Dowex 50W-xX8) 

in the hydrogen form to replace the lead ions by protons. 
The number of moles of acid in the effluent, equal to 

twice the number of moles of lead ion in the aliquot, was 
then determined by titration with standard sodium hydroxide 
to a methyl red endpoint. 

A solution of sodium selenite, the source of the 
selenite ligand ,.was puriiied by first £1) tering off, ene 
insoluble materials. The sodium selenite then was 
isolated from water soluble impurities by recrystalliza- 
tion. Stock solutions of approximately 0.4 M sodium 
selenite in triply-distilled water were prepared from the 
purified solid and were standardized by potentiometric 
titration with standard nitvicsacid. 

Sodium sulfite or sodium bisulfite was used as the 
source of the sulfite-ligand. The solids were analyzed 
by oxidation with excess iodine followed by back-titration 
with standard thiosulfate, according to the equilibria 


represented by Equations 10 and 11. The standard thio- 
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sulfate solution was prepared by weighing the anhydrous 


reagent as a primary standard, and the resultant solution 
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was used to standardize the iodine solution. Starch was 
used to locate the endpoint. 

Approximately 0.4 M stock solutions of potassium 
thiocyanate in triply-distilled water were standardized 
Dyga VOlnardstitration with silver nitrate using ferric 
alum to locate the endpoint (51). The standard silver 
nitrate waS prepared by weighing the reagent as a primary 
standard and dissolving it in chloride-free distilled 
water. 

Nitric acid solutions were prepared by diluting 
concentrated nitric acid and were standardized against 
primary standard mercuric oxide (52). Accurately weighed 
samples of dry mercuric oxide plus a five-fold excess of 
potassium iodide were dissolved in water. The mercuric 
oxide reacts with the iodide to form two equivalents of 


hyaroxide, according to Equation 12. The nite1e acid 


goer 40 F9HoO > igi, 5 + 20H (12) 


+ 


solution was standardized by titration of the hydroxide 
to a phenolphthalein endpoint. 

Standard solutions of base were prepared by dilu- 
tion of saturated, carbonate~-free sodium hydroxide with 
carbon dioxide-free distilled water. These solutions 
were standardized either by titration with standard 
nitric acid, or by titration against known amounts of 


primary standard potassium hydrogen phthalate. 
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DD pH Measurements 


pH measurements were carried out at 25 + 1°C with 
an Orion Model 801 pH meter equipped with a standard 
glass electrode and a fibre junction saturated calomel 
wererence electrode. Fisher Certified standard solutions 
Navying pH values “of 4,00, 97.00) and 10700) at 25°C 
(potassium biphthalate, potassium phosphate, and sodium 
borate, respectively) were used to standardize the pH 
meter. 

pH measurements were converted to hydrogen ion 
concentrations using activity coefficients calculated by 
the Davies Equation (53), Equation 13. The Davies 


equation estimates the activity coefficient Ne Ofeal) Lon, 


- log ¥; De aieany 
AS ae SO (13) 
dh sheer 


iy OL charge Zs PLOMechne Ont Cust rendu wl; Orem cilceco Lu 


tron. 


E. Solutions for Nuclear Magnetic Resonance and Raman 


Spectroscopic Measurements 


Tee MR Experiments 


Solutions used in the nuclear magnetic resonance 
measurements were prepared in triply-distilled water from 


pipetted amounts of stock methylmercuric hydroxide solution 
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and weighed or pipetted amounts of the ligand. T-butanol 
was added for an internal chemical shift reference 

at an approximate concentration of one third the methyl- 
mercury concentration. These solutions were, typically, 
0.1 M in methylmercury. The sulfite, selenocyanate, and 
selenide ligands are sensitive to air, and solutions con- 
taining these anions were prepared in an argon or nitrogen 
atmosphere, using an appropriate amount of the crystalline 
salt of the ligand and spectra were obtained immediately 
after sample preparation. 

For chemical shift or spin-spin coupling constant 
measurements as a function of pH, solutions of methyl- 
mercury to ligand ratios varying from one-quarter to four 
were prepared. Initially, the solution was acidified to 
about pH 1. Then base was added and samples were with- 
drawn at approximately 0.4 pH unit intervals until about 
pHolles Typically, «twenty to thirty 0-4 mivsamples: were 
Eequised stomcoversthe pHerange i-127 In) this way ithe 
solution ionic strength remains almost constant throughout 
the experiment. For example, a solution containing 
0.0538 M methylmercury and 0.201 M sodium sulfate was 
eeiateies with nitric acid before samples were withdrawn. 
Using the formation constant of methylmercuric sulfate 
calculated in Chapter IV and the K,'s of the lagend, the 
concentration of each solution species, and thus the 


Monic-strenguh of the solution, can be calculated at any pH. 
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The ionic strength of this solution varied from 0.55 to 
0.74 on going from pH 1 to pH 5, the data region used for 
calculating formation constants of this system. Concen- 
trated nitric acid and potassium hydroxide solutions were 
used to adjust the pH. Sodium hydroxide was used rather 
than potassium hydroxide if the solution contained the 
perchlorate anion. In some experiments 0.3 M potassium 
nitrate or sodium perchlorate was added to maintain a 
haan ebute constant Vonic strength: 

For mole ratio experiments performed at constant 
pH, the requisite amount of ligand and methylmercury were 
mixed, the pH adjusted and a sample withdrawn. wore 
ligand or methylmercury was added to the solution and the 
same procedure followed for adjusting the pH and with- 
drawing the sample. The concentrations of ligand and 
methylmercury were corrected for the changing solution 
volume, but because of the high concentrations necessary 
for NMR experiments (greater than 0.05 M methylmercury 
to observe the satellite resonances), no attempt was made 
to control the ionic strength, which therefore varies 


more in mole ratio experiments than in pH variation 


experiments. 
2. Raman Experiments 


Solutions used in the Raman spectroscopy 
measurements were prepared in distilled water from the 


requisite amounts of methylmercuric hydroxide solution 
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and ligand. Solutions containing the sulfite ligand were 
prepared in an argon atmosphere to minimize air oxidation. 
The methylmercury to ligand ratios and solution pH's 
chosen were those which, based on calculations using the 
formation constants derived from the NMR experiments, 
contained a maximum concentration of the desired methyl- 
mercury species. The samples were sealed into glass 
Seplllaries (0.0. 155mm). 

For experiments in which quantitative information 
was obtained from the intensity of selected Raman bands, 
the methylmercury solution was titrated with standard 
perchloric acid, while withdrawing samples at approximately 
0.5 pH unit intervals. The known amount of perchlorate 
ion present in each sample served as an internal inten- 


Sity standard for the measurement of each spectrum. 


F. Proton Magnetic Resonance Measurements 


Proton magnetic resonance spectra were obtained 
on a Varian A60-D spectrometer at a probe temperature of 
25 + 1°C. The temperature of the probe was determined 
by measuring the potential of a copper vs. constantan 
‘thermocouple inserted in the probe. 

Spectra were recorded at sweep rates of 0.1 Hz/sec 
for the chemical shift measurements and 0.5 Hz/sec for 
the spin-spin coupling measurements. Reported data are 


the average of at least three scans. Chemical shat tcewenre 
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measured relative to the t-butyl resonance of internal 
t-butanol but are reported relative to the methyl resonance 
of sodium 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS). 
Positive shifts correspond to resonances of protons less 
shielded than those of the reference. The t-butyl 
resonance of t=-butanol is 1.24 ppm downfield from the 
methyl resonance of DSS. 

The sweep widths of the NMR recorder were calib- 
rated by a sideband procedure. A Hewlett-Packard, Model 
200AB audio oscillator was used to provide sideband sig- 
nals of a TMS resonance in a chloroform sample. The fre- 
quency of the sideband was counted with a Hewlett-Packard, 
Model 5307A High Resolution Counter. For recorder calib- 
ration, the shift of the sideband from the main signal, 
aS indicated by the calibration markings of the recorder 
paper, was matched to the counted frequency generated by 


fhe, audio, oscillator. 


G. Raman Spectroscopic Measurements 


Raman spectra were excited with the 4880 A line 
of a Coherent Radiation Model 52 Ar’ basen, whichepro— 
duced ca. 200 mw at the sample. The Raman scattering 
was dispersed with a Spex 1401 double monochromator and 
detected with an RCA C31034 photomultiplier tube. Raman 
spectra were recorded throughout the range Me 0 
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To obtain intensity measurements on selected Raman 
bands, the Vy of the perchlorate ion (at 929 em7+) was 
used as an internal intensity standard. It was recorded 
before and after running each spectrum and the intensities 


ik 


averaged. The intensity of the 504 cm ~ band of CH HgOH, 


S| 


relative to the intensity of the perchlorate v was 


1! 
determined by adding sodium perchlorate to a standard 
methylmercuric hydroxide solution. Because of the 
approximations necessary in the use of intensity data, 
the observed Raman intensities were not corrected for 
difference in refractive index; such corrections are ex- 


pected to be small relative to the uncertainties intro- 


duced by the approximations (44). 


H. Determination of Formation Constants by NMR 


Spectroscopy 


Themrormatiton Constants Of the mecthy mercury com 
plexes described in Part I of this thesis were calculated 
from the chemical shift and the mercury-proton coupling 
constant of the methyl protons of methylmercury in solu- 
tions of known pH and known methylmercury and ligand 
concentrations. Formation constants of methylmercury 
complexation reactions, represented by Kae are defined 
by Equations 14 and 15, where L is the ligand and CH3HgL 


is the complex. 
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CH.,HgOH., pred Pala CH,HgL + H,0 (14) 
[CH HgL] 

Ki = (15)) 


5s — 
[CH,HgOH, ] [L) 


in@labile systems such as’ those studied in this 
thesis, the methylmercury is exchanging between its 
Various! free: and complexed forms.’ “The rate of this ex-= 
change is fast on the NMR time scale, that is, the inverse 
of the lifetime of the free and complexed forms is some- 
what greater than 27TASd, where Aé represents the separation 
in Hz of the resonances of the free and complexed forms. 
When this exchange is fast, an exchange-averaged resonance 
is observed for the methylmercury. The observed chemical 
Shitt, and Sinwilarly the spin-spin rcoupling constant, 1s 
a weighted average of the chemical shifts of the various 
methylmercury forms. The observed chemical shift, 6 ; 


obs 


Us described by Equation 16 where 6. represents the 


e 


6 SoD Oat Poo (16) 


chemical shift of the free methylmercury and oh thatwor 
the complexed methylmercury. Pe and Py are the fractions 
of methylmercury in the free and complexed forms, such 


that Peete ie 1. Using this relationship, Equation 16 
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can be rearranged to Equation 17 which shows that the 


fraction of methylmercury in the complexed form can be 


6 = 9 
p zy obs £ 17 
c es Soy a7) 
c 


calculated from the observed chemical shift and the chem- 
ical shifts of the free and complexed methylmercury. 

Thus, for each data point, the concentration of complex 

is equal to P. times the total methylmercury concentration 
amd the free ligand concentration is equal to the total 
ligand concentration minus the complex concentration. The 
formation constant of the complex was calculated for each 


data point from Equation 18 and the total methylmercury 


+ 
Peiche tig | 
3 
K = c 6 total (18) 


is oP I _ Pa 
[CH3Hg ] “I gota P[CH3Hg oral \ 


and ligand concentrations, [CH Hg") and [UL] 


EOtal total’ 


a represents the fraction of ligand in the form available 
for complexation and depends only on pH. [CHHg"] is 
dependent on the total concentration of free methylmer- 
cury and is calculated from the formation constants of 
the hydroxide and dimeric methylmercury species. 

For the systems studied in this thesis, Po and Pe 
vary between zero and one as the pH is changed. This is 


due to competing equilbria; at low pH, protons and the 
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methylmercury cation are competing for the ligand, while 
at high pH, hydroxide and ligand are competing for the 
methylmercury. In order to determine accurate formation 
constants by the method described above, it is necessary 
to adjust solution conditions to ensure a significant 
fraction of methylmercury in each form, usually at least 
ten percent. When this is the case, 4 generally 


obs 


GvErercasi gnificancly Erom. both 8 and 6 and the i and 


fe 
formation constant can be calculated from Equations 17 


and 18. 
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CHAPTER IIT 
METHYLMERCURY SPECIES AND EQUILIBRIA IN AQUEOUS SOLUTION 


Be Introduction 


The aqueous solution model usually used in methyl- 
mercury complexation studies is that reported in 1965 by 
Schwarzenbach and Schellenberg (1). From potentiometric 
titration data for solutions of total methylmercury con- 


4M to 2.19 x 10° M, 


centration ranging from 5.85 x 10 
they found evidence for three methylmercury species: 
CH,HgOH,, (CHHg) 0H, and CHHgOH. The equilibria 
relating these three species are described by Equations 


19-22. Schwarzenbach and Schellenberg obtained values 


+f 


CHHgOH, ae Ole BS CH.HgOH ae H,0 (19) 
[CH,HgOH] 
Ki = — > (20) 
re a 
[CH,HgOH, ] [OH ] 
i + + 
CH,HgOH, + CH,HgOH + (CH,Hg),OH + H,O (2a) 


+ 
[ (CH,Hg).0H ] 
hee ae A a Tm a Min ea (22 
aA us 
[CH,HgOH, ] [CHHgOH] 


Of 2 4s hee and 2.34 x 10° forek. and K, respectively, 


al 


from their potentiometric titration data. According to 
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the Schwarzenbach model, methylmercury exists as a 
hydrated cation, CH,HgOH,”, atwlows pize VAL higqhipH, sthe 
methylmercury cation reacts with hydroxide to form 
methylmercuric hydroxide, CHHgOH. At intermediate pH, 
both these species are present, as well as the methylmer- 
Gury idimer, (CHHg) OH", formed by reaction of the 
methylmercury cation with methylmercuric hydroxide. 

| Woodward and coworkers (54) identified the species 
CHHgOH in aqueous solution by Raman spectroscopy. They 
also assigned a band in the Raman spectra of methylmer- 
cury solutions at neutral pH to the species (CH Hg) ,0H” 


(43). This assignment of the Raman bands of CH,HgOH and 


3 
(CHHg) ,OH” has been criticized by Green (20) on the 


basis of the report by Grdenic and Zado (19) that CH,HgOH 


3 
does not exist, except in dilute solution as the dissoc- 
lation product jof [ (CHHg) ,0] OH. Grdenic and Zado claimed 
to have prepared [ (CHHg) ,0]0H by a reaction between 

[ (CH,Hg) ,0]C10, and KOH in methanol. They concluded from 
conductance data that (CH Hg) 40° is stable in alkaline 
methanol solution and thus, that the compound previously 


thought to be CH,HgOH is actually [ (CH,Hg) ,0] OH Or ets 


3 
dehydration product. Lorbeth and Weller (55) have shown 

that the compound reported to be [ (CH,Hg) ,0] OH by Grdenic 
and Zado is a hydrate of (CHHg) 50. However, Grdenic and 


Zado did observe the precipitation of a small amount of 


[ (CH,Hg) ,0]C10, from a concentrated aqueous solution of 
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methylmercuric hydroxide titrated with perchloric acid, 
which indicates that some trismethylmercurioxonium ion 
must be present in aqueous solution. Thus, to fully 
describe the chemistry of aqueous methylmercury solutions 
more concentrated than those of Schwarzenbach and 
Schellenberg, it may be necessary to include the species 
(CH3Hg) 40°, the formation of which is represented by 
Equations 23 and 24. 


: + ae 
CH,HgOH + (CH,Hg),OH + (CH,Hg),0 + H,O (23) 


[ (CH,Hg) ,0*} 
[CH,HgOH] [ (CH3Hg).0H ] 


In this chapter, NMR and Raman results are reported 
for the aqueous solution chemistry of methylmercury (26). 
These results indicate that the Schwarzenbach and 
Schellenberg model accounts for most of the methylmercury 
in solution, except at high methylmercury concentrations 
in which some trismethylmercurioxonium ion forms in the 
meutral pH region. The chemical shift and the spin-spin 
coupling constant of the cationic, hydroxide, and dimeric 
species of methylmercury in aqueous solution are also 


reported. 
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B. Results and Discussion 


The NMR spectrum of methylmercuric hydroxide in 
aqueous solution at pH 12.0 is shown in Figure 1. The 
central resonance is due to the protons of methyl groups 
bonded to isotopes of mercury having nuclear spin of zero, 
while the satellite resonances are due to protons of 


methyl groups bonded to a 


g, the isotope having nuclear 
spin one-half (16.9% natural abundance). It was pointed 
GUEsin Chapter I ithat both the chemical shitteort the 
methyl resonance and the mercury-proton coupling constant 
(the separation between the satellite resonances) are 
aependent on the nature of the ligand coordinated to the 
methylmercury. 

The chemical shift of the methyl resonance and the 
spin-spin coupling constant of methylmercury in a solu- 
tion containing no coordinating ligand other than water 
are pH dependent. The chemical shift of methylmercury 
in a 0.190 M aqueous methylmercury solution is presented 
as) a, cunction Of DH in) Figure 2. The coupling constant 
of methylmercury in the same solution is presented as a 
funcer1ON Of pH im Figure 3.) These chemical@shitesand 
coupling constant titration curves can be explained in 
terms of the model represented by Equations 19-24 which 
describes the aqueous solution chemistry of methylmercury. 


According to this model, the fractional concentrations of 


each methylmercury species at a given pH will be dependent 
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CHEMICAL SHIFT, ppm vs TMA 


209 


205 


Figure 2. 


i Shei ee) ep hes ea 
pH 


pH dependence of the chemical shift of the 
methyl protons of methylmercury in an aqueous 
solution containing 0.190 M methylmercury. 
The chemical shift is reported relative 

to the central resonance of the tetra- 
methylammonium ion (TMA) triplet. 
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spin coupling constant of methylmercury in 
an aqueous solution containing 0.190 M 
methylmercury. 
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on the total methylmercury concentration, due to the un- 
symmetrical nature of the equilibria describing the form- 
ation of (CH Hg) ,OH” and (CHHg) ,0°. Additional chemical 
shift data, shown in Figure 4, for total methylmercury 
concentrations ranging from 0.045 M to 0.213 M indicates 
that the predicted concentration dependence is observed 
in aqueous methylmercury solutions. 

The aqueous solution model for methylmercury also 
predicts that the species distribution will be pH depen- 
dent wrth CH 


+ : : 
HgOH predominant at low pH, a mixture of 


=) 2 


all species at intermediate pH, and CH,HgOH predominating 


3 
ate licgh pH. The methylmercury chemical shift and coupling 
GConStant dataypresented an Figures 2 >and 3) show that the 
chemical shift and the coupling constant change by 0.273 
ppm and 57.0 Hz, respectively, as the pH is increased 

from 0.26 to ~9 and then remain constant as the pH is 
increased further. Other experiments have shown that, 

at pH greater than 9, the chemical shift remains constant 


3 


for solutions ranging from 4.37 x 10 ~ M to 0.45 M methyl- 


mercury. Also, [ (CH,Hg) ,0]C10 does not precipitate 


4 
from a pH 12 solution containing 0.43 M methylmercury 
and 0.49 M Naclo,, whereas it will form in a 0.51 M 


methylmercury and 0.25 M NaClO, solution at neutral pH 


4 
+ . 

suggesting that the concentration of (CH,Hg) 30 is less 

inebacic solutionsthansat neutral pH. “These xesults 


indicate that CH,HgOH is the predominant species at pH 
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greater than 9 at these, and lower total methylmercury 
concentrations, as predicted by the Schwarzenbach and 
Schellenberg model (1). 

The non-sigmoidal nature of the chemical shift 
titration curves, presented in Figure 4, confirms that 
Species in addition to CH,HgOH and CHjHgOH,” are present 
inethe pH region 1to 82 Slevis not possibile to cbserve 
the different species directly by NMR since time-averaged 
spectra are observed for rapidly exchanging systems such 
as methylmercury. However, Raman spectroscopy is capable 
of establishing the presence of possible methylmercury 
species in solution if bands specific to the individual 
species are observable. 

Woodward and coworkers have reported the position 


of Raman bands specific to the species CH,HgOH (54), 


3 


- (25, 43), and the Raman 


3 2 
spectrum of the (CH Hg) ,0° ion (56)% ~“In=coltaborataon 


(CH Hg) 0H” (43), and CH,HgOH 


Wither. cA. Evans, Ramen and iniraredespectra.on 


crystalline [ (CH3Hg) 30]C10 prepared by the method of 


4’ 


Grdenic and Zado (19), were recorded to determine the 


; : = 
bands? characteristic of (CH Hg) 30 - The Raman spectrum 


3 
showed) bands at) 63, 164, 5507 562 and 919 ah excluding 
the C109 bands. Except for solvent bands, the Raman 
spectrum of methanol and nitromethane solutions of 


[ (CH3Hg) ,0C10,] are’ Similar to thosesofethersolad 7 which 


indicates that the tris species is undissociated in these 
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solvents. However, the spectrum of a saturated aqueous 
solution of [ (CH3Hg) ,0]C1o, shows only one intense band 
in the region 500-600 cm > 


region 400-500 oi These changes in the Raman spectrum 


, and some weak bands in the 


Can be interpreted in terms of hydrolysis of the cation. 
Grdenic and Zado (19) concluded from conductimetric 
titrations of methanolic solutions of trismethylmercuri- 
oxonium salts with methanolic KOH that (CH Hg) ,07 is 
undissociated in alkaline methanol solution. To deter- 
mine if this is the case, the chemical shift and mercury 
proton coupling constant of methylmercury were monitored 
as methanol solutions of [ (CH,Hg) ,0]C1o, were titrated 
with methanolic KOH. A similar experiment was performed 
in aqueous solution. The chemical shift results, which 
are presented in Figure 5, indicate that (CH,Hg) 0” is 
not stable in either alkaline methanol or alkaline 
aqueous solution. The Raman results described above, 
and Ghe shedeheenuecy Of the (bitration (suggesterhiat,. in 
aqueous solution, (CH Hg) 30° hydrolyzes to form CH,HgOH 
and (CH3Hg) 0H. When base is added, the (CH Hg) .0H” 
then reacts to form CH,HgOH. In methanol, undissociated 
(CH3Hg) ,0° reacts with hydroxide, probably to form 
CHHgOH and (CH,Hg) 50. These results are consistent with 
the report of Lorbeth and Weller (55), that the substance 


claimed to be [ (CHHg) ,0] OH (19) ts *actually*tnegnydrated 


Ox1de, (CH Hg) ,0°xH,0. 
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Figure 5. 


Gl oe NO 150 200 
moles KOH/moles (CH3Hg),0C1O4 


NMR chemical shift titration curves for the 
teraction. Ofn0.07 6g. OL 1 ( CH ig) OPelOna nm 
80 ml of water with 1.0 M aqueous KOH (open 
POInts wand, ton thestitration Otsu" 07 OnGgso. 
[(GHZHGg)2O} ClO, 2n 805ml of methanole@with 
1.0 M methanolic KOH (solid points). The 
chemical shift is reported relative to 

the central resonance of the tetramethyl- 
ammonium ion (TMA) triplet. 
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Thus, the Raman spectrum of a saturated solution 
of i (CH,Hg) ,0]C10, indicates that there is very little 
(CHjHg) 50" present in aqueous solution, even when the 
solutions isesaturated. | Therefore Ky and Ko, the formation 
constants of the methylmercuric hydroxide and methylmer- 
cury dimer species (Equations 19-22) were calculated from 
the NMR data by assuming that no (CH3Hg) 0° was present. 
Then K3, the formation constant of the tris species, 
(CHHg) 0” was determined by Raman measurements. The 
small value obtained for K, indicates that this assump- 
tion was justified. 

The values of K and Koy the formation constants 
oremethyimercuric hydroxide and the methylmercury dimen, 
were obtained from a nonlinear least-squares fit of the 
NMR Ppeanien curve data. It was necessary first to 
evaluate the NMR parameters for each of the methylmercury 
species detectable in an NMR experiment. The chemical 
shift of each methylmercury species was obtained from 
the chemical shift titration curve data shown in Figure 4. 
The spin-spin coupling constants were obtained from the 


Coupling constant ‘titration curve data shown in Bigure 3). 


Phewchemvcalwshafte andy coupling constant, of the cataonic 


+ 
S Zine 


and, the limiting coupling constant at the acidic end of 


species, CH,HgOH have been taken as the limiting shift 
the titration curves. This is dependent on the assumption 


that all the methylmercury is dissociated in this pH 
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region and does not exist as CH,HgONO Clarke and 


3 2 
Woodward (43) determined by Raman spectroscopy that the 


Gegreesored1ssSoOctal JON sore HgONO., Ls sinilan ctoetiat 


3) 


OL NIturrc™acid, Or that ehevaegree Of dissociation on 
CH,HgONO, is greater than 99:5% for the conditions of 
this experiment. Thus the assumption is valid. The 

chemical shift and coupling constant of the species 


CH.HgOH have been taken as the limiting chemical shift 


and coupling constant observed above pH 9, where all the 


methylmercury has been shown to exist as CH,HgOH. The 


S) 


NMR parameters of the’ dimeric species, (CH3Hg) ,0H, cannot 
be obtained directly FrOMmecnestitration curves because 

the methylmercury does not exist entirely in that one 

form at any pH. However, these parameters can be obtained 
from the nonlinear least-squares analysis of the titration 
data. 


BY Varying. K K and 6 the observed 


Ly 2Y (CH3Hg) 90H?’ 
chemical Shift data was fitted to Equation’ 25 which ex- 


presses the chemical shift as a function of P, the 


= PA +6 oe P +6 + 
CHAHG CH3Hg (CHHg) .OH (CH,Hg) ,0H 


obs 3 


+ Pou HgOH°CH.HgOH (25) 


5 3 


fraction of methylmercury existing as the indicated 
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Species, and 6, the chemical shift of the indicated 
species. The observed coupling constant data was fitted 
to a similar equation expressed in terms of the coupling 
constant of each species, thus independently evaluating 
the coupling constant of the dimeric species as well as 
Ky) and K5- For a given data point, the fraction of each 
methylmercury species was calculated from its formation 
constant (Equations 19-22) and the concentration of 
CH,HgOH,”. The concentration of CH,HgOH, was calculated 


for each value of Kj and K, from Equation 26, which is 


derived from the methylmercury mass balance. The values 


2K 1K, [OH] [CH3Hg*]* + {l + K, [OH ] }[CH,Hg"] 


3 Lee ate Par (26) 


of Kis Ky, and 6 yt were varied until the best 


(CH3Hg) 50 
agreement was reached between the observed titration curve 
andethat calculated by Equation 26. ‘This results an 
values of log Ky == he, Pash tepals) Aers; K, = 2231 LOmeenem Ll oOnmnia— 
tion constants of methylmercuric hydroxide and the methyl- 
mercury dimer. A summary of the NMR parameters deter- 
mined above for the CHjHgOH,”, (CH,Hg) OH , and CH ,HgOH 
species is given in Table 3. 

To determine the pH dependence of the tris methyl- 


mercury species, Raman spectra of a 0.510 M CH,HgOH 


solution titrated with 5.68 M perchloric acid were 
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TABLE 3 


a2 


Chemical Shift of the Methyl Protons and the Mercury- 
Proton Coupling Constant of Methylmercury in Aqueous 


Methylmercury Species 


; a 
Species Son 

g 7 3 
re + xe 

CH,HgOH, i095 
2A ce 

(CH,Hg) .0H 0.997 

CHHgOH Oe8225 

a) ppm vs. DSS 

bb) Bz 

c) Uncertainty in this value is 


+ 


0.002 


ppm 


260.0 


PRES} gil 


2032 


see AceeeEy len, Bev ‘pas 


recorded over the pH range 9 to 0.5 at intervals of approx- 


imately 0.5 pH unit. The high concentration was chosen 
LOsfavorsche formation of (CH,Hg) 40°. In two of the 
Samples, at pH 6.84 and 6.26, crystals of [ (CH,Hg) ,0]C10, 
Slowly appeared. Figure 6 shows the Raman spectrum of 
the solution at pH 6.26 and of the crystals which slowly 
appeared from this solution. In spectrum A, absence of 
the band at 500 ai the small shift in the frequency 
and the change in the intensity of the composite band at 


130 ei, as well as the presence of the CH,HgOH band at 


3 
415 em > indicate that the (CH Hg) ,0° Cation is nota 
major species in aqueous solution, even when the solution 
is super-saturated with respect to [ (CH,Hg) ,0]C10,. 
By monitoring the intensity of the 504 cm71 Raman 
band of CH3HgOH (normalized relative to the perchlorate 
V4) aS. a. function of ph, the equilibrium constant. 1om the 
formation of the (CHHg) 0° species, K,, was determined. 
From a consideration of mass and charge balance equations, 


Equation 27 was derived. Equation 27 expresses K, in 


terms of MM,, the total methylmercury concentration, 


xo 2Khexy =) (MM = y (late Key) 
me ea ices eee 2 (27) 


‘ 2 
(MM, = y) Koy = 3K5xy 
x, the concentration of ClO, , and vy, thesconcentracron 


of CH,HgOH determined from the Raman spectrum. In the 


a 
derivation of this equation, it was assumed that 
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Figure 6. Raman spectra of (A) a solution supersat- 
urated with respect to [(CH3Hg)30]Cl0O, and 
of (B) the crystals which separated from 
the solution. 
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Koakey 3 >> [OH ] once the titration has begun. K, was 
estimated in this manner at each point in the titration, 
where the intensity of the 504 cm! bana indicated that 
a Significant concentration of CH,HgOH was present, re- 
sulting in a value of K3 =O clip ta OS's 

Although this value of K3 LACKS soLcecisioOn,. Le 1s 
expected to be of the correct order of magnitude and 
leads to some important conclusions. Calculations of 
species distribution as a function of pH indicate that, 
for 0.51 M methylmercury solution, the maximum concentra- 
tion of (CH Hg) ,0" 15) 0.) LORMeanG ethniSsOccurscea ma spHEOr 
6.75, while, at methylmercury concentrations of 0.2 and 
0.05 M, the maximum (CH Hg) ,0° concentrations ane. o. acc 
10°? M (at pH 6.4) and 2.0 x 10° m (at pH 5.8). The pH 
dependence of the fractional concentrations of the various 
species in a 0,2 M methylmercury solution is shown in 
Figure 7. These results are based on the aqueous methyl- 
mercury solution model described by Equations 19-24 with 


lOGuK = 09. 20;eMlogek, = "23 yeandgka (02/2 Stheyeandic— 


1 Z ! 

ate that the Schwarzenbach and Schellenberg model accounts 
forall but a small traction of methylmercury Overethe 

pH range less than 1 to greater than 13, at the methyl- 
mercury concentrations which have been used in most 


previous studies of the solution chemistry of methylmer- 


cury and in those described in Chapter IV of this thesss. 
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Seg 


[Methylmercury | =0.20M 


total 


FRACTIONAL CONCENTRATION 


Figure 7. pH dependence of the fractional concentra- 
Clons Of  cie methy mercury —-containing 
species in an aqueous solution containing 
0.200 M methylmercury. The fractional 
concentrations were calculated using con- 
stants determined in this thesis. 


CHAPTER IV 


METHYLMERCURY COMPLEXES OF SELECTED INORGANIC 


ANIONS 


Ae Introduction 


bhe results Of arstudy of the coordination of 
methylmercury by the inorganic anions sulfate, selenate, 
sulfite, selenite, thiocyanate, selenocyanate, sulfide, 
and selenide are presented in this chapter. These ligands 
were chosen because of the known affinity of methylmer- 
cury for sulfur-binding ligands (1), and the reported 
abwlicy (Of Na,Se0, to act as a protecting agent against 
methylmercury poisoning (16). The complexation of these 
ligands by methylmercury was studied by NMR (57). In 
addition, structural information was obtained for some 


of these complexes by Raman spectroscopy (57). 
Ba Results 
1. The Sulfate and Selenate Complexes of Methyl- 
mercury. 


The binding of methylmercury by the sulfate 


fo and seo,*", was investigated 


by monitoring the chemical shift and the mercury-proton 


and selenate ligands, SO 
coupling constant of the methyl protons of methylmercury 


as a function of solution conditions. Sulfate has been 


reported to interact only weakly with methylmercury (44), 
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therefore solutions containing four times as much ligand 
as methylmercury were used in these studies to maximize 
the fraction of methylmercury complexed. 

The chemical shift of the methyl protons of methyl- 
mercury iS presented in Figure 8 for both a solution con- 
taining only methylmercury (open points) and a solution 
containing methylmercury and sodium sulfate in a ratio 
of one to four (solid points). The mercury-proton spin- 
spin coupling constant data for solutions containing 
methylmercury and sodium sulfate in a ratio of one to 
two is presented in Table 4. The spin-spin coupling con- 
stant of the one to four methylmercury-sulfate solution 
was too broad to measure, presumably due to exchanging 
ligand, and therefore the coupling constant data was 
obtained for the less ideal, one to two methylmercury- 
sulfate solution. The chemical shift titration curves 
for methylmercury alone and for methylmercury plus sul- 
fate coincide above pH 7, but diverge as the pH is de- 
creased, and approach each other again at very low pH 
(<1.). At low pH, there is competition between hydrogen 
ions and methylmercury for the SO, 7) At very low pH, 
the proton is more successful than the methylmercury, so 
that a large fraction of methylmercury exists as CHHgOH," 
rather than as the sulfate complex. This is indicated 
by the similarity of tne chemical shift, titrationmcurvye 


of the methylmercury-sulfate solution to that of 
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CHEMICAL SHIFT, ppm vs DSS 


Ualea 


Pagune 3. 


1.0 WS 9.0 13.0 
pH 


pH dependence of the chemical shift of 
the methyl protons of methylmercury in 
an aqueous solution containing 0.100 M 
methylmercury (open points) and in an 
aqueous solution containing 0.0532 M 
methylmercury and 0.213 M sodium sul- 
fate (Solid points): i 
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TABLE 4 


Mercury=Proton Coupling Constant as a Function of pH for 
the Methylmercury in an Aqueous Solution Containing 


0.106 M Methylmercury and 0.211 M Sodium Sultate 


pe JCH,Hg. 
12,01 203.0 
12.00 203.0 
10.98 202.9 
9.41 203.6 
8.97 204.0 
oy Sul 203.9 
8.01 204.4 
50 205.9 
To. 208.1 
6.67 DVD? 
6.20 219.0 
5.62 225.2 
5.07 231.9 
4.53 Vapor 
4.01 242.3 
3.50 PAG) aI 
2 10 PAS) Oe) 
2.60 253.7 
2.03 255.8 
1.50 256.0 
1.03 BNO 
0.68 257.2 
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methylmercury alone in the very low pH region "At igh 
pH, there is competition between hydroxide ions and 
ligand for the methylmercury. The coincidence of the 
chemical shift titration curve, above pH 7, for methyl- 
mercury alone with that of the methylmercury plus sulfate 
solution indicates that, in this pH region, the methyl- 
mercuric sulfate complex is completely dissociated. Thus, 
the chemical shift titration curves in Figure 8 indicate 
that a methylmercury-sulfate complex is formed between 
Die owand 73 

The binding of methylmercury by the sulfate anion 


is described by Equations 28 and 29. The formation 


+ 2=— a 
CH.,HgOH, + SO, . CH,HgSO, + H,O (28) 
7 [CHHgSO, J 
SD heey ee a be) 
[CH,HgOH, ][SO,” ] 


constant, K and the chemical shift of the sulfate- 


F? 
complexed methylmercury were calculated from the chemical 
shift versus pH data of Figure 8 for the methylmercury- 
Suess solution. The spin-spin coupling constant and 
an independent measure of the formation constant of the 
methylmercuric sulfate complex were obtained from similar 


calculations with the coupling constant versus pH data 


of Table 4. The fractional concentration of sulfate- 
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complexed methylmercury, Poe is given by Equation 30 where 
Pi iT os oe ont 


6. is the chemical shift of the complexed methylmercury, 
of is the shift of "free" methylmercury, and eee is the 
observed chemical” shift. “in the pH range 1.5 to 7Pwhere 
complexation takes place, the "free" methylmercury is a 


: + 
MUxeuTeror CH HgOH, : (CH,Hg),0H, and CH Hg0Oh. The con— 


3 3 
centration of the tris methylmercury species, (CHHg) 0° 
was shown in Chapter III to be negligible at the methyl- 
mercury concentrations used in this work, and therefore 
has been ignored. The relative concentration of each 
free methylmercury species is dependent on pH and on Pee 
que to the unsymmetrical nature of the equilibria des— 


cribed in Chapter III. Therefore 6 the shift of the 


L 
free methylmercury also depends on pH and on Pe (2G), 
The chemical shift of the complexed methylmercury cannot 
be determined directly, because at no pH is all the 
methylmercury in the complexed form. Consequently, an 
iterative procedure was used to simultaneously determine 
ye and) thes formation constant. Initially, a chemical 
sShitt of 1.12 ppm was’ used for one which is estimated 
from considering the two titration curves of Figure 8. 


P, was caiculated from Equation 30 using this initial 


value for 6. for each data point between pH 1.5 and 7.0. 
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Since 5, is dependent on Pi in this pH region, its value 
must be determined in a separate iteration loop. Thus, 
the chemical shift of methylmercury alone at the same pH 
as the data point in question was used as an initial 
estimate of b- in the calculation of P from Equation 30. 


P was then calculated from the equation P, = 1 - Eo 


- 


and a better value of 55 was determined for this Pe from 


Equation 25, using the NMR parameters of the free methyl- 
mercury determined in Chapter III and the concentration 
of each free methylmercury species. The concentration of 
the methylmercury cation was calculated for a particular 
Pe from Equation 31 which is derived from a mass balance 
on methylmercury and Equations 20 and 22. The concentra- 
tions of (CH3Hg) ,0H” and CH3HgOH were then calculated 
Hg] 


a 2 m 
2K_K. [OH ] [CH jHg"] + {1 + K, [OH ]} [cH 


a ae 3 


1s —_ 
ee eee Soe 


from Equations 20 and 22 and the concentration of the 
cationic species obtained from Equation 31. This procedure 


was repeated until convergence was reached in the value 


of 6, and in the corresponding value of PU, usually in 


is 
less than five iterations. For each data point, the 


concentration of the complex, CHHgSO, was then calcu- 


+ 
lated from Equation 32 where [CH,Hg ee is the total 
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methylmercury concentration. The concentration of CH,Hg™ 


was obtained from Equation 31 for Pes= ifs Pe 1necons 
cS 
centration of uncomplexed ligand was calculated from 


Equation 33 where EsOh eal 


E 2- - 
(Ge, IPS ay {[80, [eee (CHa EO) \\ (33) 


concentration and 05 is the fraction of ligand available 
for binding and ‘is dependent only on pH. Using values 


of CH,HgSO, 


a formation constant, as defined by Equation 29 was cal- 


+ - ; ; 
; CHHg , and so,* calculated in this manner, 


culated from each data point. Using the median of the 
individual formation constants and the oS used in their 
calculation, a chemical shift titration curve was then 
calculated. oF was then changed slightly and a new set 
of formation constants obtained. The On and formation 
constant which resulted in the smallest standard devia- 
tion between calculated and observed chemical shift 
feqtration curves are 1.00 ppm and 8.8. The probable 
deviation of Ke is 0.2. The formation constants calcu- 
Jated from the individual data points using the value 


Meal00sppm tor the chemical shift of the complex, Sur are 


given-in Table 5. 


total Tepresents the total sulfate 
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TABLE 5 


The Formation Constant of Methylmercuric Sulfate 
Calculated from Methylmercury Chemical Shift Data 


pH Ee 
1.48 8481. 
1.88 9.67 
2.48 6.00 
Shao) 65970 
Sis 8.47 
3.84 8.87 
4.26 8.70 
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Similar calculations using the Spin-spin coupling 
constant data, presented in Table 4 for a methylmercury- 


sulfate solution, result in a Jo and’ K_7 of 2512 40Hze ana 


1 
7.2 + 0.4 for the methylmercuric sulfate complex. The 
formation constants determined in these studies are con- 
centration constants, determined by converting the meter 
pH readings to hydrogen ion concentrations by the method 
desceibed ini Chapter T1y\ Section™D of this: thesic# 

Clarke and Woodward (44) have studied the stoi- 
chiometry and dissociation of the methylmercury-sulfate 
complex in aqueous solution by Raman spectroscopy. Com- 
plex formation was indicated by the presence of a band at 
272 emini most likely due to a Hg-O stretching mode. The 
3Hg90S0, 


the spectra of aqueous sulfuric acid solutions. From 


intensity measurements of the 982 om? Soyan band at 


complex was shown to be CH by comparison with 


varrous mole fractions of methylmercury and sulfate, the 
degree of dissociation of the complex was determined to 

bem approximately ecqualsto Chat of HSO, ". A formation 
constant of 3 can be estimated from their results, in 
reasonable agreement with the value determined in this 
research from NMR data, considering the approximate nature 
of the value estimated from their Raman data. As in 
sulfuric acid solutions where H,SO, molecules are not 


detectable at concentrations less than 1 M, no evidence 


for the presence of (CH3Hg) 4SO, molecules was obtained 
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by Clarke and Woodward for solutions up to 0.8 M, even 
though the (CH3Hg) ,SO, complex can be crystallized from 


concentrated aqueous methylmercury-sulfate solutions. 


2- - ; 
A and HSeO, to protons is 


nee a a 2 
Simi var tos that. of SO, and HSO, (57) peandeby- analogy, 


Tee basicity sof Seu 


the behavior of selenate anions towards methylmercury is 
expected to be similar to that of sulfate. The similarity 
of the NMR titration curves for methylmercury-selenate 
solutions to those of methylmercury-sulfate solutions 
indicates this to be the case. The chemical shift of the 
methyl protons of methylmercury is presented as a func- 
tion Gof pH in Figure 9 for both a solution containing 

only methylmercury (open points) and a solution containing 
methylmercury and sodium selenate in a ratio of one to 
four (closed points). The spin-spin coupling constant of 
methylmercury in the same solutions is presented as a 
function Of pH in Figure 10. Comparison of this chemical 
Sarte sand coupling constant, data with Chatvom the =methyl— 
mercury-sulfate solutions (Figure 8 and Table 4) suggests 
strong similarity between the methylmercury-sulfate and 
methylmercury-selenate systems. The formation constant 
and chemical shift of the methylmercuric selenate complex 
was determined from the chemical shift versus pH data by 
the method described above for the methylmercuric sulfate 
complex. The 8. and K. which resulted in the smallest 
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probable deviation between the calculated and observed 
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Figure 9. 


10 5.0 90 13.0 
pH 


pH dependence of the «chemical ishute.or 
the methyl protons of methylmercury in 
an aqueous solution containing 0.100 M 
methylmercury (open points) and in an 
aqueous solution containing 0.0521 M 
methylmercury and 0.208 M sodium — 
Selenate (solid points)... 
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Figure 0. | pH cepencence of the mercury —procon 
Spin=sSpin Coupling constant of 
methylmercury in an aqueous solution 
containing 0.100 M methylmercury 
(open points) and in an aqueous solu- 
tion, containing 02521 Mo methylmercury 
and 0.208 M sodium selenate (solid 
points). 
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chemical shift titration curves were 1.112 Ppmeanawl 3.2 
* 1.0. Similar calculations with the coupling constant 
versus pH data resulted in values of 248.5 Hz and 17.3 


+ 0.8 for the coupling constant and formation constant of 


methylmercuric selenate. 

The results of the calculations for the methyl- 
mercury-sulfate and methylmercury-selenate systems are 
summarized in Table 6. These results indicate that cher, 
methyimercuric sulfate and methylmercuric selenate com- 
plexes are both weak, with the methylmercuric selenate 
complex having a slightly larger formation constant and 
a slightly smaller Spin-Spin) coupling constantem om 
Chapter I, it was pointed out that the magnitude of the 
coupling constant of methylmercury is dependent on the 
ligand coordinated to the methylmercury, and can be 
correlated with the magnitude of the formation constant. 
The magnitudes of the coupling constants of the sulfate 
and selenate complexes of methylmercury are large, sug- 
gesting weak complexation. In addition, they are similar 
to the coupling constants listed in Table 2 for oxygen-— 
binding ligands. These observations suggest that the 
sulfate and selenate anions bind to methylmercury through 
an oxygen atom, forming the CHHgOSO, and CH,HgOSeO, 
species. 

As discussed above, Clarke and Woodward (44) also 


concluded, from Raman spectroscopy, that the methylmercuric 
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sulfate complex has the structure CH,HgOSO,. Therefore, 
the Raman spectrum of methylmercuric selenate was studied 
to determine whether it also indicates binding of the 
ligand through an oxygen atom. The Raman studies of this 
complex and of other complexes reported in this thesis 
were obtained in collaboration with Dr. C.A. Evans. The 
selenate complex forms sufficiently weakly and the selenate 
moiety is a sufficiently weak Raman scatterer relative 

to CH3-Hg-, that the complete Raman spectrum of the com- 
plex was not observed. Careful choice of solution cond- 
itions, however, made it possible to observe five bands 
which can be attributed to the complex. Two solutions 
were prepared, the first to maximize the fraction of 
meLtnyimercury in =the complexed torm, the second, co 
maximize the fraction of complexed selenate. Calculations 
using the formation constants given above show that for 
the first solution, which contained 0.8 M ‘sodium selenate 
and 0.2 M methylmercury at pH = 3, 87% of the methylmer- 
cury is complexed. In the second solution, which con- 
tained 0.50 M methylmercury and 0.125 M sodium selenate 
at pH 2.4, 72% of the selenate is complexed. Table 

7 lists the important Raman bands observed in these 
solutions as well as the corresponding bands of methyl- 
mercuric sulfate reported by Clarke and Woodward (44). 


For comparison, selected Raman bands of several oxygen- 
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TABLE 7 


Some Raman Bands of Methylmercuric Complexes, CH,HgX 


3 


Frequency of Vibration® 


Donor Atom CH3 Deformation Hg-C 
Complex of Ligand ao SINE Stretch 
e 
CH.HgOH fe) eA 577 
re 
CH jHgOH, ce) 1207 570 
49 
(CH,Hg) 0 (@) 1206 563 
CH,HgscH,” s 1177 537 
pe 
CH HgOSO, fe) 1207 566 
9 
CH,Hg0Se0, fe) 1203 565 
=9 
CH3HgSO3 s 1190 541 
ae) 
CH,HgO0SeO, Oo 1207 568 
CHHgscnJ s 1186 540 
CH.Hgsecn?’* Se 1177,1164 540,536 
yt 
(CH,Hg) 4S Ss 1176 544 
CHjHgs~? s 1188 537 
™m c c 
(CH3Hg) Se Se = 
b,n 
53 ’ c ec 
{CH,Hg) Se Se - - 
a) om? 
b) Infrared spectrum of solid 
c) Spectrum in this region not reported 
da) Degeneracy weighted average of symmetric and asymmetric bands. 
e) Reference 54. 
£) Reference 25, 
g) This work. 
h) R.A. Nyquist and J.R. Mann, Spectrochim. Acta, 28A, 511 (1972). 
i) Reference 44. 
j) Reference 63. 
k) Reference 64. 
1) Reference 56. 
m) Reference 30. 
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bound and sulfur-bound methylmercury complexes are also 


presented. In the Raman spectrum of methylmercuric 


al 


selenate, the symmetric CH, deformation at 1203 cm. , the 


mercury-Carbon stretch at 565 cm + and-ta) band ais290 ai 
assigned to mercury-oxygen stretching are all typical of 


the CH.-Hg-O grouping. This spectrum provides support 


for the CH3HgOSe0, structure of the selenate complex, 
similar to the structure of the sulfate complex. Other 
bands observed in the methylmercury selenate spectrum 


were assigned to Se0 3 stretching: in) the: complex act 


856 eran and Seo, deformation in the complex at 503 Su 


and 406 cm, These positions are close to those for 


Se0,* and HSeO ,~ quoted by Walrafen (58) and confirmed 


ing this, work. (In particular, the SeO, stretching fre— 


3 


quency falls nicely between the v, frequency of SeO 


4 
(835 an) and the most intense band in the spectrum of 


HSeo,” (867 cmt 


4 Ie 


2. The Sulfite Complex of Methylmercury 


The binding of methylmercury by the sulfite 


ligand, SO a was investigated by monitoring the chem- 


3 7 
ical shift of the methylmercury protons and the mercury- 
proton spin-spin coupling constant of SOlULMONS, COntaimang 
varying amounts of methylmercury and UibWecehatels iMate) abe elen a 
action of the sulfite anion with methylmercury is known 


to be orders of magnitude stronger than the methyl- 


mercury-sulfate interaction (1,44). 
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Because of the easy oxidation of sulfite by atmos- 
pheric or dissolved oxygen, this system was studied by 
mole ratio experiments at constant pH, in which each 
sample could be prepared individually and its spectrum 
obtained immediately. The data for one such experiment, 
in which the ratio of sodium sulfite to methylmercury is 
varied from 0 to 6, while maintaining the pH at 5, is 
presented in Table 8. The pH of this experiment was 
chosen so as to maximize the interaction of the sulfite 
with the methylmercury by minimizing competition from 


hydroxide ions for the formation of CH,HgOH. The chem- 


3 
ical shift and coupling constant of the methylmercuric 
sulfite complex, 0.928 ppm and 173.1 Hz respectively, 

are obtained directly from the limiting chemical shift 

and the limiting coupling constant of this experiment. 

At low ligand concentrations, the observed chemical shift 
and coupling constant vary as the ligand to methylmercury 
ratio is changed, indicating that the relative amounts 

of free and complexed methylmercury are changing. At 
ligand to methylmercury ratios greater than two, both the 
observed chemical shift and the observed coupling con- 
stant remain constant, suggesting that all the methylmer- 
cury is complexed under these conditions, and that the 
observed NMR parameters are those of the sulfite-complexed 
methylmercury. 


The data for additional mole ratio experiments at 
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TABLE 8 


NMR Data for the Methylmercury-Sulfite System at pH 


[Methylmercury],.431 [Sulfite], ji] 

M a 

0.106 0. 

0.100 0.0239 

p60o45 0.0870 

0.0910 0.174 

0.0860 0.315 

0.084] 0.507 


a) ppm vs. DSS 
b)>* Hz 


pH 10.5 and 12.0 is presented in Tables 9 and 10. In this 
pH region, complexation equilibria can be studied over a 
wider range of ligand-to-methylmercury ratios due to more 
successful competition of the hydroxide with the sulfite 
for the methylmercury ions. The data presented in Figures 
9 and 10 was used to calculate the formation constant of 
the sulfite complex of methylmercury. For each data 


point, a formation constant was calculated from the ob- 


served chemical shift, and then similarly from the observed 


coupling constant. The fractional concentration of com- 
plexed methylmercury at each data point is given by 
Equation 30. The chemical shift (or Similarly the 


coupling constant) of the complexed methylmercury, 6_, 


Cc 


was determined above from the experiment at pH = 5.0. The 


chemical shift of the free methylmercury, 5 neey leleveke: (one 


CH,HgOH, since at these pH values all the free methyl- 


Mercury, exists sinethat rorme(26)2. thus Py, the fraction 
of methylmercury as the complex CH,HgSO, , and= its econ— 


centration, P[CHHg | , was Calculated for ecachadata 


COtaw 
point. Pe was obtained from the Equation P =li- Poe 
Since all the free methylmercury is methylmercuric 

- + 
hydroxide, [CH,HgOH] = P_[CH3Hg epee ak The concentration 
of methylmercury in the cationic form was calculated from 
Equation 33 using Kj, the formation constant of the 


hydroxide complex, determined in Chapter III. The free 


sulfite concentration was calculated from Equation 34 
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[CH.HgOH] 
; K, [OH ] 
= De : 
[so,°] = ay {80, leotal ~ [CH3H9S0, 1} (34) 


where (See velar iS stne total concentrationsorsul rite 
in the solution and om iSetheeiracciOn ol sulrice ania 
form available for binding, which is dependent only on 
pH. The formation constant of methylmercuric sulfite, 
defined by Equation 35, was calculated for each data 


[CH,HgSO, ] 


K al Geen Eee ae Gree (315)) 
Hy ye 
[CH,Hg ][S0,” ] 


point from both the observed chemical shift and coupling 
constant. The results of these calculations are given 

in Tables 9 and 10. The median of these values is 

log Ka Omen O04 se lhS 1S Inwreasonallesagrecment 
with the potentiometric titration results of Schwarzenbach 
and Schellenberg (1) who reported a value of log Ka = 
8.11 for this complex. The large scatter in formation 
constants determined in these NMR experiments is due to 
changes in the ionic strength from sample to sample. 
Because the ionic strength of the samples was necessarily 


large, no attempt was made to control Ue Nahe ner cee parm cleks 


fOr 1ts Variations. 
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The large formation constant of the sulfite com- 
plex of methylmercury compared to that of the sulfate 
and selenate complexes suggests that the sulfite binds 
to methylmercury through the sulfur atom. In addition, 
the methylmercuric sulfite coupling constant is much 
smaller than that of either the sulfate or selenate com- 
plex, but similar to those reported for methylmercury 
complexes of sulfur-binding ligands, examples of which 
are given in Table 2. 

Confirmation of binding through the sulfur atom 
in the sulfite complex was obtained from the Raman spec- 


trum of the complex in solution. Details of the Raman 


3 3 


ments given to the Raman bands listed in this table are 


spectrum of CH.HgSO are given in Table ll. The assign- 
straightforward and closely follow the known frequencies 
(One velgts CH Hg" species in other complexes, the isoelec- 


tronic molecule NH ,HgSO (59) and the free and complexed 


3 


SO a anion (60,61). The mercury-carbon stretching fre- 


3 
quency of 541 cm + is typical of complexes with a sulfur 
bound to mercury, as indicated by comparison with the 
Raman data given in Table 7 for selected methylmercuric 
complexes. The mercury-carbon stretching frequency at 
206 ay is lower than observed for other sulfur-bound 
methylmercury species, but not unreasonably so, and may 
to some extent, correlate with the rather small formation 


constant of this complex compared to other sulfur-bound 


complexes of methylmercury. 
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TABLE 11 


a 
Raman Spectrum of (CH,-Hg-SO,] 


Frequency Description 
2928 m,—" CH; stretch (sym.) 
TE0cs 7 br, pol CH deformation (sym.) 
ILL) Vp lege Che SO, stretch (asym.) 
997 m, pol SO, stretch (sym.) 

785 vw, dp CH, rock 

649 w, pol SO, deformation (sym.) 
541 vs, pol Hg-C stretch 

510 w, sh, dp SO, deformation (asym.) 
206 vs, pol Hg-S stretch 

105 s, dp SO, rock 


(3120) 


(1299) 


1109 


JENY/ 


(732) 


640 


(462) 


b 


(NH,-Hg-SO,] 


82 


SO 


933 


967 


620 


469 


a) Sample prepared under argon from 0.44 M CH3HgOH and an equivalent 


amount of solid NaHSO3. 


b) Infrared spectrum reported by K. Broderson, Chem. Ber., 57, 2703 
(1957); values in parentheses are comparable to those in CH3HgSO 37 


but involve the NH3 group. The assignment of the bands at 1109 


and 997 cm-! has been reversed from that in the original work be- 
cause the band at 997 cm! in CH3HgSO3” is polarized. 


c) Not measured. 
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3. The Selenite Complexes of Methylmercury 


The binding of methylmercury by the selenite 


3 ,was investigated by monitoring the chem- 
199,, 


ligand, Seo 
ical shift of the methylmercury protons and the g- 
proton coupling constant as a function of solution condi- 
tions. The chemical shift of the methylmercury protons 
is presented as sa function of pH in Figure 11 for arsolu= 
tion containing methylmercury and sodium selenite ina 
ratio of one to two (solid points). For comparison, 
chemical shift data is also presented for a solution con- 
taining only methylmercury. The spin-spin coupling 
constant is presented as a function of pH for methylmer- 
cury in the same solutions in Figure 12. Neither the 
chemical shitt nor the coupling constant titration curves 
of the methylmercury-selenite solution coincide with the 
titration curves of methylmercury alone, indicating that 
some complexation occurs over the entire pH range 0.5 to 
ig .eeinadaition,, the chemicalmshiftyand coupling econ— 
stant titration curves of the methylmercury—-selenite 
solution show two inflection points, suggesting that more 
than one complex is formed in this solution. A formation 
constant and NMR parameters for the Se,” complex of 
methylmercury have been calculated from the data in the 
high pH region (pH > 7.0) of the titration curves using 
the method, described earlier in this chapter, for the 


calculation of the methylmercuric sulfate formation 
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CHEMICAL SHIFT, ppm vs DSS 


12) 


“ie Se ey !S””:SCS 
pH 


Figure 11, 


pH dependence of the chemical shift of 
the methyl protons of methylmercury in 
an aqueous solution containing 0.100 M 
methylmercury (open points) and in an 
aqueous solution containing 0.112 M 
methylmercury and 0.224 M sodium ~— 
selenite (solid points). 
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COUPLING CONSTANT, Hz 


210| 
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“ie 


Fagure 12. 


50 CY 13.0 
pH 


pHydependence of the mercury— 
proton spin-spin coupling con- 
stant of methylmercury in an 
aqueous solution containing 
0.100 M methylmercury (open 
points) and in an aqueous solu- 
tion, containing, 0.112 Momethy l= 
mercury and 0.224 M sodium 
Selenite. (solid. points). 
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constant and NMR parameters. From the chemical shift 
titration curve data, values of 0.958 ppm and 6.46 + 0.02 
were obtained for the chemical shift and the logarithm 
of the formation constant of methylmercuric selenite. 
The formation constants calculated for each data point 
using o. = 0.958 ppm are given in Table 12. Similar 
calculations with the spin-spin coupling constant data 
Pesuveed ine ValuessOLr. 223-0 zeand 16.47 +00. 02stonecic 
coupling constant and the logarithm of the formation 
constant of the methylmercuric selenite complex. 

Assuming that the SeO a 


3 


is the only complex formed over the entire pH range, a 


complex of methylmercury 


chemical shift titration curve was calculated using the 
values of pe and log Ka determined above. This calcu- 
lated titration curve and the experimental titration curve 
are presented in Figure 13. From a comparison of these 
curves, it is obvious that the formation of only methyl- 
mercuric selenite can account, for the data at phegreater 
than six, however, another complex must be important at 
lower pH. Because the solution conditions were adjusted 
so that twice as much ligand as methylmercury was present, 
iteis)unlikely that this additional complex is 


(CH,Hg) ,SeO Therefore, a model was adopted for the 


3° 
low pH data which included the formation of a complex 
between methylmercury and HSeO,- (pK, = 8.18). The form- 


ation constant and the NMR parameters of this complex 
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TABLE 12 


Calculated Values of Kp for Methylmercuric Selenite from 
the Chemical Shift of the Methylmercury Protons in the 


High pH Region 


pH log Ke 
11.42 6.41 
10.99 6.46 
10.51 6.48 
9.94 6.46 
9.53 6.46 
9.05 6.42 
8.53 6.48 
8.04 6.37 
7.61 6.42 


&7 


CHEMICAL SHIFT, ppm vs DSS 


0.80 


0.88 


0.96 


1.04 


1.12 F 


ike) 


Pagure: 13. 


ey 9.0 OS 
pH 


pH dependence of the chemical shift 
of the methyl protons of methylmer- 
cury in an aqueous solution con- 
taining O12 > Memethyimercury and 
02 245M sodrtumiselenite squares: 
observed data points. Open points: 
calculated curve assuming only one 
complex, CH3;HgSeO; is formed. 
Solid points: calculated curve 
assuming the formation of two com- 
plexes, CH3;HgSeO3° and CH3HgSe0O3H. 
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were determined from the low pH region of the chemical 
shift and coupling constant curves in Figures 11 and 12. 
The nonlinear least-squares curvefitting computer program, 
KINFIT (62), was used to fit the data to this model. 

This program fit the observed chemical shift at each data 


point to that calculated by Equation 36, where P is the 


= P 6 + Pp 6 
b + + + a2 
obs CHHg CH,Hg (CH,Hg) 0H (CH3Hg) .OH 


S 


ra = 
CH HgOH° CH ,HgOH + Pou. Hgse0.~°CH 


3 3 3 ppaeare 


CH HgSseOun cH 


3 3 3HgSe0,H (36) 


3 

fraction of methylmercury and 6 is the chemical shift of 
the species indicated. The sum of all the fractions of 
methylmercury species is equal to unity. For each data 
point, the concentration of the methylmercury cation was 
obtained by solving a mass balance equation for methyl- 
mercury in which the concentration of each methylmercury 
species was expressed in terms of the formation constants 
OE the methylmercury species, the acid dissociation con- 
stants of the ligand, and the concentration of the 
methylmercury cation. The concentrations of all the 
other methylmercury species were then calculated from 


their formation constants and the methylmercury cation 
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concentration. The chemical shifts and formation con- 


stants of all the methylmercury species, except CH,HgSe0,H, 


5 3 


have been determined previously. The computer program, 
KINFIT, varies these two parameters to minimize the differ- 
ence between the observed and calculated chemical shift 

at each data point. These calculations give values of 
1.033 "ppmeand 2.68 = 0705 for) the chemical shift and 
logarithm of the formation constant of the SeO,H complex 
of methylmercury. From the spin-spin coupling constant 
data, the coupling constant and logarithm of the formation 
constant of this complex were determined to be 234.6 Hz 
and.) 2.738 2)0.03, respectively. 

The values determined for the formation constant 
and the NMR parameters of the selenite and biselenite 
complexes of methylmercury are summarized in Table 13. 
Using these parameters, a chemical shift titration curve 
was calculated for comparison with the experimentally ob- 
served curve. Both these titration curves are presented 
in Figure 13. The agreement between these curves over 
the entire pH range indicates the model chosen for this 
system accurately describes the interaction of methylmer- 
cury with the Se0,” and HSeO,- anions. 

The value of the formation constant for the 
selenite complex of methylmercury is much larger than 
those of the sulfate and selenate complexes (log Ka )) 


but within two orders of magnitude of the formation 
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constant of methylmercuric sulfite. This might be taken 
to indicate that the selenite binds to methylmercury 
through the selenium atom. However, the mercury proton 
coupling constant of the selenite complex is much larger 
than that observed for methylmercury complexes of sulfur 
-or selenium binding ligands but comparable to that of 
oxygen-bound methylmercury complexes. In addition, the 
results obtained for the methylmercuric selenite complex 
are similar to those obtained for methylmercuric carbonate. 
Dr. S. Libich determined values of 221.4 Hz and 6.10 for 
the coupling constant and the logarithm of the formation 
constant of the methylmercury-carbonate complex. These 


results suggest coordination of the selenite anion to 


2 


The larger than expected value for the formation constant 


the methylmercury through an oxygen atom, i.e. CH,HgOSe0 


of this complex is perhaps related to the large DKL of 
the ligand (pK, = 8.18 for the HSeO, species), in the 
same manner as observed previously for the carboxylic 

acid complexes of methylmercury (46). 

Confirmation of this structure for the methylmer- 
curic selenite complex was obtained from its Raman spec- 
trum. The Raman spectra of solutions containing about 
equal concentrations of methylmercury and ligand at various 
pH values were studied. The Raman bands of interest and 


their assignments are given in Table 7. The symmetric 


CH. deformation at 1207 ae and the mercury-carbon 
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stretch are typical of oxygen bonded methylmer:ury. Other 
bands in the spectrum are of low intensity compared to 
these, and the complete spectrum for the complex was not 
observed. The most intense band from selenium-oxygen 


stretching in the complex is at 835 cmt, intermediate 


Dee 
3 


sa ws i 
808 cm and HSe€0, at 855 cm A medium intensity band 


in frequency between the strongest bands in SeO at 

at 290 cm + may be from mercury-oxygen stretching, as its 
frequency is close to that assigned to similar vibrations 
in other complexes of oxy-anions, or it may be from a 
deformation mode of complexed selenite. Other bands are 
awo7s0 om + (Se-0 stretch) and 365 om > (Se-O deforma- 


tion). The spectra of aqueous solutions of Seo, and 


HSeO.- recorded in the present work are in excellent 
agreement with those reported by Walrafen (58). 

The coupling constant determined above for the 
methylmercuric biselenite complex, 234.6 Hz, indicates 
that bonding occurs through oxygen in this complex also. 
tte sinall formation constant relative to that or the 


CH,HgSeO, complex correlates with the decreased basicity 


Sy 3 
of SeO,H (46). 
The relatively small formation constant obtained 
for the selenite complex of methylmercury, compared to 
the formation constants of sulfhydryl (5,10) and nucleo- 


Side (6) complexes, 1S somewhat surprising considering 


reports that selenium-containing compounds, in particular 
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Na,Se0,, are capable of protecting against methylmercury 
poisoning in animals (16,17). Ganther and coworkers (16) 
showed that when NaySe0, was added to theydiect) of rats 
being fed methylmercuric hydroxide, the symptoms of 
methylmercury poisoning were delayed and decreased com- 
pared to those exhibited by rats being fed only methyl- 
mercury in the same doses. One possible explanation for 
thissbehavior 1s that’ the Na,Seo, is able to complex the 
methylmercury very strongly, preventing it from complexing 
with the sulfhydryl containing molecules found in the 
body. The magnitude of the formation constant determined 
above for the CH,HgSe0, complex indicates that this 
simple explanation cannot account for the detoxifying 
effect of methylmercury, and that some metabolized form 


of the selenite must be responsible for the observed 


behavior. 


4. The Thiocyanate and Selenocyanate Complexes of 


Methylmercury 


The formation constant and the NMR parameters 
of the methylmercury-thiocyanate complex were determined 
by monitoring the NMR parameters of solutions containing 
methylmercury and thiocyanate as a function of pH. A 
solid, presumably the CH,HgSCN complex, precipitates 
from aqueous solution containing 0.0901 M methylmercury 


and 0.0211 M potassium thiocyanate at a pH Jessrthanvono. 
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Therefore a solution which was half as concentrated and 
which contained four times as much methylmercury as thio- 
cyanate ion was prepared. In this solution, the methyl- 
mercury was sufficiently concentrated for the NMR 
satellite resonances to be observable, and there was 
enough ligand for complexation to be detectable, but not 
enough complex to cause it to precipitate. The chemical 
shift of the methylmercury protons in this methylmercury- 
thiocyanate solution is presented as a function of pH in 
Figure 14.) The spin-spin coupling constant of methy!— 
mercury in the same solution is presented as a function 
of pH in Figure 15. Chemical shift and coupling constant 
titration curves of solutions containing only methylmer- 
cury are given for comparison. The two chemical shift 
titration Curves.are ditferent. in the pH region 7 tasl0. 5, 
indicating that complexation is occuring in this pH 
region.) The two coupling constant titration curvessazeiter 
only at pH less than 8, indicating that a complex 1s also 
formed at low pH. 

At pH greater than 8, where the chemical shift 
titration curve indicates complexation, the coupling con- 
stant titration curve of the methylmercury-thiocyanate 
solution is the same as that for a solution of methylmer- 
cury alone. This implies that the coupling constant of 
the methylmercury-thiocyanate complex formed at high pH 


special tonthe coupling constant of methylmercuric 
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Figure 14. 
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pH dependence vofL, the chemical wshite 
of the methyl protons of methylmer- 
cury in an aqueous solution con- 
taining 05100 M methyimercury “(open 
points) and in an aqueous solution 
containing 0.0563 M methylmercury 
and 0.0132 M potassium thiocyanate 
(Sobidupointes) es 
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Figure 15. pH dependence of the mercury-proton 
spin-spin coupling constant of 
methylmercury in an aqueous solution 
containing 0.100 M methylmercury 
(open points) and in an aqueous solu- 
tion containing 0.0563 M methylmercury 
and 0.0132 M potassium thiocyanate 
(Solaidipoints)™ 
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hydroxide, 203 Hz. The formation constant and chemical 
shift of this complex were determined from the chemical 
shift data in the high pH region, by the method described 
earlier in this chapter for the methylmercuric sulfate 
complex. The calculations were somewhat simplified, be- 
cause in the high pH region all the free methylmercury 
exists as CH,HgOH; thus bo is equal to the chemical shift 
of CHHgOH and does not need to be calculated at each 
data point. These calculations resulted in a value of 


Uroo2eppmetor the chemical shift of CHaHgSCN and a 


3 
¥og Kp = 6.05 + 0.01. This is in good agreement with the 


value log K, = 6.11 determined potentiometrically by 


|: 
Schwarzenbach and Schellenberg for the same complex (1). 
Schwarzenbach also detected a second methylmercury- 
thiocyanate complex, (CH,Hg) SCN’, having a log Ka =e. 65 « 
This presumably would be present to the greatest extent 


at low pH where the concentration of CH,Hg™ is the 
greatest. Thus the coupling constant titration curve 
seems to be a better indicator of 2:1 complex formation 
tian as the chemical shift titration curve. “However, (a 
titration curve calculated by assuming that only one 
methylmercury~thiocyanate complex forms over the entire 
pH range, was compared to the experimental Coupling con— 
stant titration curve and found to be identical. Thus, 


the 2:1 complex, (CHjHg) ,SCN", is not present in large 


enough concentrations to be detected by the NMR experiment. 
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Schwarzenbach reported that the thiocyanate ion 
binds to methylmercury through the sulfur atom. The 
coupling constant of the complex is larger than usually 
observed for methylmercury complexes of sulfur-binding 
ligands. However, Cooney and Hall (63) concluded from 
Raman measurements that the ligand does bind through the 
sulfur. The Raman bands of interest for the CH3HgSCN 
complex are listed in Table 7. 

The selenocyanate anion is expected to show 
Similar coordination behavior with methylmercury. In 
experiments similar to those performed in the study of 
the thiocyanate complex of methylmercury, samples were 
obtained from a four to one methylmercury to seleno- 
Cyanate (Solution over the pH range 625 to 9.5.5 At pH 
less than 8.) assolid,, presumably theycomplex, precipit— 
acedstrom solution. (Atsple greater than 9.5 va black 
solid formed in the solution, presumably due to decompos- 
ition of the ligand. The data obtained from ite experi- 
ment is presented in Table 14. As in the thiocyanate 
system at high pH, the observed coupling constant is the 
same as that observed at high pH for a solution containing 
only methylmercury, while the chemical shift varies with 
pH. This implies that the coupling constant of the 
methylmercury selenocyanate complex is very similar to 
the coupling constant of methylmercuric hydroxide, 203 Hz. 


The formation constant of the complex was calculated from 
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TABLE 14 


NMR Data for the Methylmercury-Selenocyanate System® 


PH °cH, You ,Hg 
9.49 0.885 202.4 
928 0.890 20285 
yg dak 0.893 20270 
O.6/ 0.894 202.6 


SjeeeSOlution contains [methylmercury],.44) = 0.0608 M 


and [selenocyanate] = 0.0161 M 


Total 
b) ppm vs. DSS 
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the chemical shift data by the method described above 


for the calculation of the formation constant of CH,HgSCN. 


3 
The formation constants calculated for the individual 

data points are listed in Table 14. These values result 
in a median log Ka = 6.79 + 0.01 for the selenocyanate 
complex of methylmercury. This value is not expected to 
be too accurate owing to the inability to standardize 

the selenocyanate ligand which decomposes in air. How- 
ever, it does give an order of magnitude measure of the 
strength of the complex, and it can therefore be concluded 
that SCN and SeCN form similar complexes with methyl- 
mercury.) This, 1n addition topthe similarity of the 
coupling constants of the two complexes, implies that 
sellenoeyanate binds to methylmercury through the selenium 
atom. This structure is supported by the Raman spectrum 


OL vCH7HgGSeCN. } Aynsley tet sal., (64) reported che spectrum 


3 


Of. solids CH HGSeCN; the bands of interest wand  cheir 


3 
assignment are presented in Table 7. The position of the 
mercury-carbon stretch bands (540, 536 cm) indicate 


that the selenocyanate ion coordinates to methylmercury 


through the selenium atom. 
5. Sulfide and Selenide Complexes of Methylmercury 


As with oxide, multinuclear methylmercury com- 
plexes form readily with sulfide, although the nature of 


the complexes is slightly different in aqueous solution 
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due to the greater acidity of sulfur-bound protons. The 
sulfide complexes and their formation constants, as deter- 
mined by potentiometric titration by Schwarzenbach are: 
H m = : o 
Cc 3Hgs , Log Kn Balneee (CH,Hg)5S, log Kn = 16.37 -and 
+ 
(CH3Hg) .S TaLOG Ka ~7 (1). These complexes are analogous 


to the following known oxide complexes, CH.HgOH, 


| 
+ + ; ; 
(CH,Hg)50H , (CH3Hg) 30 , which were discussed in Chapter 
fPitrOr Lise thesis, 
LoS 1 ; : 

The Hg- H coupling constants of the sulfide 
complexes were obtained by monitoring the NMR spectra of 
solutions containing various mole ratios of methylmercury 
and sulfide. The chemical shift and coupling constant of 


the complex CH,HgS were obtained from a mole ratio experi- 


3) 
ment at pH 13.2. Varying the methylmercury to sulfide 
ratio from 0/)2-te.0.7 does not cause any change ain the 
observed chemical shift or coupling constant and therefore 
does not change the fraction of methylmercury complex. 
Thus the data obtained from this experiment (Table 15) 
indicates that essentially all the methylmercury is bound 
to sulfide in these samples, presumably as CHHgS’. Under 
the solution conditions of the experiment, there is not 


enough CH Hg* present to form a dinuclear methylmercury 


G) 
species, nor a sufficient concentration of protons for 
the formation of CH,HgSH. Thus, the coupling constant or 


the complex, CH,HgS , is considered to be that measured 


directly in the above experiment (146.2 Hz). This value 
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NMR Data for the Methylmercury-Sulfide System at pH 


[Methylmercury] 


a) 
b) 


2 
0.149 
0.134 
On Te 
0.104 
On 0932 
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Hz 


total 
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is considerably smaller than that observed for substituted 
sulfides. For example, in the cysteinate complex, values 
around 170 Hz are found (10), which supports the formula- 


tion as CHHgS rather than CH,HgSH. 


3 

In solutions containing more methylmercury than 
sulfide, for example a three to one methylmercury to sul- 
fide solution, a yellow solid precipitated from solution 
over the entire pH range. After washing with water and 
then drying over phosphorous pentoxide, this solid was 
identified as (CH,Hg),S on the basis of its NMR spectrum 
in pyridine solution. The spectrum obtained was that of 
a typical CH3HgX compound, namely an intense singlet with 
two small satellite resonances. A spin-spin coupling 
constant of 156 Hz was obtained from this spectrum, in 
excellent agreement with the value (156.6 Hz) reported 
by "scheftfold (65), for the coupling constant or (CH,Hg) 5S 
in pyridine solution. The magnitude of this coupling 
constant is also smaller than that of substituted sulfides, 
for example cysteinate (10). This fact, along with the 
extreme insolubility of the complex in water, indicates 
that 1t'is (CH3Hg) 5S rather than (CHHg) SH. 

To determine the spin-spin coupling constant of 
the third sulfide complex, (CHjHg) 48°, the NMR spectrum 
of methylmercury in a five to one methylmercury to 
sodium sulfide solution was monitored as a function of 


pH. The coupling constant of the methylmercury in this 
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solution is presented as a function of pH in Figure 16. 
Because of exchange broadening of the satellite resonances, 
the uncertainty of the measurements is large (+0.5 Hz) 
inthe pueregion 5.3 to’ 6.3.) Above 6.3: solid precipat= 
ated from solution, presumably the (CH,Hg) 4S complex, 
whose importance is expected to be lessened at lower pH 


where the methylmercury exists primarily as CH Hg’. The 


3 


coupling constant of the complex (CH Hg) 4S" was deter- 


3 
mined from the data in the coupling constant titration 
curve, Figure 16. The calculations are based on the 
assumption that all the sulfide in the solution exists in 
the form (CHHg) 4S", that is [ (CHHg) 5S] ="0 7 | thus is a 
reasonable assumption because of the very small solubility 
observed for (CH,Hg).S in aqueous solution, and because 
Schwarzenbach (1) reported a relatively large formation 

+ 


(log Ka ~/).° With this-=assump— 


tion, the concentration of the trismethylmercuric sulfide 


constant for (CH,Hg) ,S 


complex is equal to the total sulfide concentration in 
the solution. The fractions of free and complexed 


methylmercury, a and P, were calculated from Equations 


£1 
2- + 
37 and 38 where [S eee and [CH,Hg ore represent the 
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ae DCist [S” Jeotal aan 
oa + _ f 
(CH3H9 Ie otal Lena Hg otal 


Shaabuded piven ts 33 ef 
A ee Sieh S pean = ¥ Istana att late 
ei Sei 3 "Bip sivictagp od ms ft cota om oft hte “ 
mat. i). ot Ua ae pd ane ty ates i acegiine —s 
icy, + 4 Bre 7 ine) iba) to Lepr = 4a oe tp pis 6 . 
. 7 - ; gh : 
'$e33.2 7) lusts seo party": i) ede ait? ~— cin 


gas, oo hekad ate) gnétanlioles Pra ee pated 


a 
ad4 HE shh lit ada? tie Senet aot aqaaia 


“ut 2 Lee é ee Ls i > ¥ ‘qi? a o > 
aged GS Odes ae ead Ate GS es ebony 
© 
soi¥aniel, aovek vievatsis* * G6 duane re 
Asean aids sahil S40 oN HOA ie 
ha , . is £ ) ei ; : 
(Oni tue o.. ce ceahyidemeice Sit po. Aegan 
oo oe way 7h ee oon Sir: wer i (» 3 rar, + jae " 
On DOR ‘Nash te aokeest oe 

SMe BUPS Mey. beac Lincvh he alg pi al aa th eee 


atts) Indaesea7 igane! gt an He: sada! “a i 


230] 


220 


210 


COUPLING CONSTANT, Hz 


200 |- 


pH 


Figure 16. pH dependence of the mercury-proton 
spin-spin coupling constant of 
methylmercury in an aqueous solution 
containing 0.100 M methylmercury 
(open points) and in an aqueous 
solution containing 0.108 M methyl- 
mercury and 0.0215 M sodium 
Sulfide, (solid points)™ 
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+ 
[CH,Hg ] 


Sa 
total 31 (CH3Hg) 4S 


+ 
CH = 
Bae Wey crel total (38) 


total ligand and the total methylmercury concentrations. 
The concentration of each free methylmercury species and 
thus Jz, the coupling constant of the free methylmercury, 
were calculated at each pH, by the method described for 

the calculation of the formation constant of the methyl- 
Mercury-sulfate complex. “Thus, the equation describing 

the observed coupling constant of the methylmercury, 

J ops Can be expressed in terms of the concentrations and 
coupling constants of the free and complexed methylmer- 

Curly by, Bqvation, 39, an which only Jar the coupling 


a = PJ, + P (39) 


+J + 
obs Bak (CH,Hg) 3S (CH,Hg) 3S 


COnuStane sor ene free methylmercury 1s pH dependent. 

; + : 
Equation 39 was then solved for ScHahgle y tne couplang 
constant of the complex. The coupling constant of the 
complex obtained in this manner for each data point in 
the coupling constant titration curve is shown in Table 
16. The trend towards increasing J (CH3Hg) 38+ as the pH 


is decreased could be an indication of the presence of 
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TABLE 16 


Calculated Mercury-Proton Coupling Constants for the 
Trismethylmercurisulphonium Ion 


By Jou nee 
on ie See 
6.335 19975 
ove Lees Looe, 
Sr! 20025 
S58 201.1 
4.78 201-83 
(a 201.4 
Wed te ZO 22 
3519 ZOZ aw 
2.48 203.4 
ikea 2035 
BiyenO, 203.4 
0.65 204.2 
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some (CH,Hg)5S, the amount of which would be pH dependent. 
To eliminate interference from (CH3Hg) 5S as much 
as possible, the coupling constant of the trismethylmer- 
curic sulfide complex was also calculated from the NMR 
coupling constant data of a mole ratio experiment at pH 
1, in which the methylmercury to sulfide ratio was varied 
PrOmerive to cight. This’ data, along with the coupling 
constants calculated by the procedure described above, 
areyshown in Table 17. The calculated coupling constant 
remains constant in this experiment, giving a value of 
202 Hz for the coupling constant of the (CHHg) ,S” Com 
plex. This value is large for a sulfur-bonded methylmer- 
cury complex, although it is comparable to the surpris-— 


ingly large value observed for the CH,HgSCN complex. The 


S 
large formation constant of this complex apparently 
reflects the relatively small formation constant (1), 
which was reported by Schwarzenbach to be log Kn ~7. 

The Raman spectrum of CH,HgS was studied. A 
solution of methylmercuric sulfide showed five bands in 
the Raman. The position of these bands and their assign- 
ments are given in Table 7. The CH, deformation 
(1188 Say the Hg-C stretch (537 cman) and the Hg-S 
Stretch (353 ene) are in accord with the values listed 
in Table 7 for other sulfur-bonded methylmercury species. 
A band at 2574 an. in) the range for S-Hestretching 


vibrations, was observed only under very high tinstrument 
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gain and is assigned to a small amount of HS . 
After exposure to the laser beam or, more slowly 


on standing, the solution of CH,HgS yielded a gas and a 


3) 
black precipitate, presumably mercuric sulfide. The 

Raman spectrum of the supernatant has a band at 349 cm + 
but no bands from methyl groups or mercury-carbon vibra- 


tions. These observations are accountable in terms of 


the equilibrium represented by Equation 40, being 


ato 


2 CHOC AIL) ee Ho (ra) (CH3) Hg (40) 


moved to the right by the formation of insoluble 
mercuric sulfide and gaseous dimethylmercury, 

as discussed by Fagerstrom and Jernelov (66). The form- 
aeroneor Hgs..°~ 


the Raman band at 349 cm7* from the symmetric mercury- 


from HgS and excess sulfide is shown by 


sulfur stretching vibration, in agreement with authentic 
samples and solid cinnabar (67). 

The Raman spectrum of (CHHg) 3S" was reported by 
Clarke and Woodward (56) and that of the (CH,Hg) 5S 
species by Green (20). The Raman bands of interest in 
thesspectra of these complexes are listed an Tables] for 
comparison with the spectrum of CHHgS — which is reported 
above. 

The methylmercury-selenide complexes were studied 
by experiments similar to those used to study the methyl-— 


mercury-sulfide system. A mole ratio experiment at 
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pH 13.5 was performed to evaluate the spin-spin coupling 
constant of the CHjHgSe- complex. NMR spectra were ob- 
tained for five samples containing methylmercury and 
sodium selenide in ratios ranging from 0.2 to 0.4. At 
higher ratios of methylmercury to ligand, a solid precip- 
itated from solution, presumably (CH Hg) Se. The data 
obtained from this experiment is presented in Table 18. 
As for the analogous methylmercury-sulfide experiment, 
the methylmercury chemical shift and coupling constant 
remained constant over the entire mole ratio range 
studied, indicating that the methylmercury existed en- 


tirely as CH,HgSe- This species has a coupling constant 


3 
of 143.1 HZ, which is only slightly smaller than that 
determined above for CH,HgS- (146 Hz), suggesting that 
the strength of the two complexes is also similar. 
Breitinger and Morell (30) determined a value of 146 Hz 
for the coupling constant of (CH3Hg) 5Se in acCanbDonmoa sual 
fide solution and a value of 196 Hz for the coupling con- 
stant of L (CH3Hg) ,Se] NO, 5 91 CD,CN. These values are 
again very similar to those determined above for the 
corresponding sulfide complexes, suggesting that the 
Eresaeane of these selenide complexes are also similar to 
those of the corresponding sulfide complexes. 

Attempts to obtain the Raman spectrum of CH,HgSe— 


were unsuccessful because of decomposition of the sample 


in the laser beam. Breitinger and Morell (30) have 
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NMR Data for the Methyimercury-Selenide System aceph y= also) 


{[Methylmercury] 


a) 
b) 
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total 


TABLE 18 
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reported the vibrational spectra of (CH,Hg) .Se and solid 
[ (CH,Hg) 3Se]NO,, concluding that the similarity between 
these spectra and those of (CH3Hg) 4S, and (CHHg) ,Se" 
implies similarity of the corresponding S- and Se- 


containing complexes. 


6. The Interaction of Phosphite with Methylmercury 


To study the complexation of methylmercury by 
3 
methylmercury and 0.450 M phosphorous acid was prepared 


the phosphite anion HPO ; a solution containing, 05225 i 
and samples were withdrawn over the pH range 1 to 7. At 
pH ~7, metallic mercury precipitated and a colorless gas 
escaped from the solution. On standing, metallic mer- 


cury also precipitated from the low pH samples. A possible 


3 
Hg" to Hg? and presumably methane. 


explanation Of this is that HPO catalyzes the reduction 


of CH3 
The NMR spectrum of phosphite solutions is of 
interest because the proton in the HPO,*” species does 
not exchange with water protons on the NMR time scale, 
and therefore results in a resonance in the NMR spectrum. 
This proton is apparently bonded directly to the phos- 
phorous atom, since its resonance appears as a doublet, 


31, (natural abundance 


due to spin-spin coupling with 
100%, nuclear spin 1/2). The magnitude of this coupling 
constant is large (> 700 Hz) and pH dependent, indicating 


that the coupling is through only one bond. 
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1. The Complexation of Methylmercury by Inorganic 
Anions 
The results presented in this chapter demon- 

strate that sulfur, selenium and oxygen-binding anions 
are all potential ligands for coordination to methylmer- 
cury in aqueous solution. Of the complexes studied, 
methylmercuric selenide has the smallest coupling constant, 
closely followed by methylmercuric sulfide. From a con- 
sideration of the relationship observed by Scheffold (49) 
between the magnitude of the coupling constant and the 
formation constant of a methylmercury complex, these 
results suggest that the selenide complex is a stronger 
complex than the sulfide complex. The coupling constants 
and the formation constants of all the complexes studied 
are summarized in Table 19. For every pair of sulfur- 
selenium complexes studied, the spin-spin coupling con- 
stant of the methylmercury complex of the selenium- 
containing ligand is smaller than that of the corresponding 
sulfur-containing ligand. The exception to this is the 
sulfite-selenite pair, which form different types of 
complexes with methylmercury. In addition, for those 
cases in which it was possible to measure formation con- 
stants, it was observed that the selenium-containing 


ligand binds methylmercury more strongly than the sulfur- 
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Summary of Formation Constants and Coupling Constants 
of Methylmercury Complexes with Selected Inorganic 


Complex 


CH ,HgOSO, 


- _ 


CHjHgOSeO, 


CH HgSO,- 


3 


CHHg0Se0,, 


CH.,HgOSeO 


3 H 


2 
CH3HgS 
(CH3Hg)5S 
(CH.H op 
349) 


CH.,HgSe | 


= 
(CH,Hg) .Se 
Peet 
(CH3Hg) Se 
CHHgSCN 


CH.HgSeCN 


a). . Hz 


b) Reference 1 

c) Measured in pyridine solution 
gd) Not determined 
Sleep edeured) ii CS, 
f) Measured in CD3CN solution, Reference 30 


Solution, 


eee gand ss Ae 


1 
Og K.. 


Reference 30 


a Ee 


containing ligand, with selenite and sulfite again being 
the exceptions. These results suggest that selenium- 
containing methylmercury complexes are more stable than 
the corresponding sulfur-containing complexes. This 
observation has implications in the search for an effec- 
tive antidote for methylmercury poisoning, although the 
question of why selenite, itself a toxic compound, can 
function as a protecting agent against methylmercury 
remains unanswered. Methylmercury is known to poison the 
body by inactivating important sulfhydryl sites in pro- 
teins and enzymes (12). It is therefore possible that 
the presence of selenohydryl analogues of sulfhydryl- 
containing amino acids might prevent this poisoning of 
the proteins and enzymes. This is suggested by the re- 
sults reported in this thesis, from which selenohydryl 
amino acids are expected to bind methylmercury more 
strongly than the corresponding sulfhydryl-containing 
amino acids. With this in mind, Sugiura and coworkers 
(68) have investigated the binding of the selenohydryl 
group by methylmercury using proton NMR. The coupling 
constant of the selenocysteamine complex of methylmercury, 


CH HgSeCH,CH,NH3 , was measured as 162.0 Hz compared to 


| 
185.7 Hz for the methylmercury cysteamine complex, 
CH,HgSCH,CHNH, (10). These workers interpret this 
difference as an indication of the high affinity of the 


selenohydryl group for methylmercury in comparison with 
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that of the sulfhydryl group. Thus, there is promise 
that selenium compounds may be able to function effec- 


tively against methylmercury poisoning. 


2. Significance of the Mercury=Procon Coupling 


Constant of Methylmercury Compounds 


The dependence of the mercury proton coupling 
constant in CH3HgX compounds on the nature of X was first 
reported by Hatton et al. in 1963 (23). These workers 
aeiedead that the magnitude of the coupling constant 
decreases as X is made more electronegative. The depend- 
ence of the coupling constant on the nature of X is 
further wilustrated by the results of a study of the 
binding of methylmercury by selected carboxylic acids in 
aqueous solution (46). It was found that the magnitude 
of the coupling constant decreases approximately linearly 
as both the PK, Of the ligand and the Jog Ke of the 
complex increase. More recently, a linear relationship 
was observed between the magnitude of the coupling con- 
Stant and the logarithm of the formation constants for 
thioether, hydroxyl, sulfhydryl, and amino complexes of 
methyimereury (42) “the results Of “this study om the 
methylmercury complexes of inorganic anions, summarized 
in Table 19, indicate that the observed relationship of 
the magnitude of the coupling constant and the log K of 


the complex can be extended to the methylmercury complexes 
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of inorganic anions, with the magnitude of the coupling 
constant being very dependent on the donor atom of the 
ligand. 

This finding suggests that the form in which 
methylmercury is present in natural systems might be 
identifiable by the coupling constant of the methylmercury. 
Unfortunately, on closer examination, this does not seem 
practical, since one would expect the methylmercury to 
exist as one of its most stable complexes, i.e. complexed 
to either a sulfur or a selenium atom. The data in Table 
19 shows that the corresponding sulfur and selenium 
ligands form very similar complexes with methylmercury. 
Therefore it does not seem possible to identify the 
methylmercury species solely on the basis of its coupling 
constant, because the species most likely to be found 


have coupling constants which differ by only a few Hz. 


10. 


a ie 
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CHAPTER V 


INTRODUCTION 


In 1969, Hinckley reported that the dipyridine 
adduct of the europium complex of dipivalomethane, 
[Eu(dpm).*2pyl, induced stereospecific changes in the 
chemical shifts of the protons of cholesterol (1). Com- 
plexation between the coordinately unsaturated chelate 
(a Lewis acid) and the nucleophile (a Lewis base) results 
in large changes in the NMR spectrum of the nucleophile 
due to magnetic interactions with the paramagnetic 
lanthanide ion. Since the discovery by Hinckley of the 
effect of such complexes, which he termed shift reagents, 
their use has increased rapidly, especially in the areas 
of spectral clarification and the determination of 
molecular structures and conformations in solution. 

While several other systems, including nickel (II) 
and cobalt(II) complexes (2-8), radical anions (9), and 
fren (ii) sphthalocyanins, (10) have been used as) shirt 
reagents, it now seems that some of the lanthanide che- 
lates are far superior since they produce substantial 
shifts with little accompanying broadening for atoms as 
far removed as 20 A from the site of coordination to the 
shift reagent (11). 

The most frequently used lanthanide shift reagents 


in organic solvents have been the tris (f-diketonate) 
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complexes of europium(III) and praseodymium (III) 

Ln (dpm) , and Ln (fod) ,, where Ln represents the lanthanide 
cation, dpm is the conjugate base of dipivalomethane(I), 
and) fod is) the, conjugate base of 6,6,7,7,8,8,8,-hepta- 
fluoro-2,2-dimethyl-3,5-octanedione(II). These shift 


reagents are capable of inducing large isotropic shifts 
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in the NMR spectra of a large variety of molecules in- 
cluding alcohols, amines, ketones, aldehydes, sulfoxides, 
and esters) (11,12). 

However, these widely used shift reagents cannot 
be used in aqueous solution because they are decomposed 
by water (13). In aqueous solution, the nitrate and 


perchiorate salts of the trivalent lanthanides have been 
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used as shift reagents, but their applications are limited 
due to their precipitation as lanthanide hydroxides above 
PH ca. 6.5 (11,13). By complexing the lanthanide cations 
with animopolycarboxylic acids, they can be kept in solu- 
tion at high pH. In addition, if all the coordination 
sites of the lanthanide ion are not occupied by the 
chelating ligand, the lanthanide ion can complex to other 
ligands to form mixed complexes and act as a shift re- 
agen, -evenwat high pH; 

InMalerceli Of this thesis, the results olan 
investigation of the aqueous solution shift reagent 
properties of selected lanthanide ions and lanthanide 


chelates of aminopolycarboxylic acids are reported. 


Ae Theory Of Paramagnetic Shiit Reagents 


The NMR spectra of paramagnetic systems are char- 
acterized by large chemical shifts and, often, spectral 
line broadening (14). Nuclei in paramagnetic complexes 
are subject to influences from the unpaired electrons. 
The isotropic chemical shift arising from this electron 
spin-nuclear spin interaction can be expressed as the 
sum of two distinct effects, a contact shift and a di- 
polar, or pseudocontact, shift (tae 

The Fermi contact interaction takes place only if 
there is a finite probability of finding some unpaired 


electron spin density at the nucleus in question. This 
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implies that there is unpaired spin density in an s-type 
orbital of the atom, since p,d, etc. orbitals all have 
nodes at the nucleus. Unpaired spin density can be 
transferred to the nucleus by direct delocalization and 
via spin polarization. In principle, this type vor 2nter— 
action should lead to a splitting of the nuclear reson- 
ance (15), but in practice, the electron relaxation time, 
Tiel is usually short enough on the NMR time scale to 
cause an effective decoupling of the splitting (Ti, << 
the reciprocal of the hyperfine coupling constant) (15>). 
prneeleceron relaxatacn time which 1s not quite isione 
enough to meet this criterion results in broadening of 
the nuclear resonance, analogous to an intermediate ex- 
change rate in chemical exchange studies (16). Although 
the nucleus senses only the average magnetic field pro- 
duced by the unpaired electrons, this magnetic field is 
not equal to zero since, in the presence of an applied 
magnetic field, there are slightly more unpaired elec- 
trons, oriented wath the field than against at. Avcon— 
tribution from the paramagnetic metal ion to the total 
chemical shift is then observed. The paramagnetic con- 
tribution is weighted according to the populations of 
the Zeeman levels of the electron spin. The population 
of these levels, and thus the induced chemical shift, 


are temperature dependent (15). 


The fundamental equation for the contact shift (17) 
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tetpresented iin Equation a5 “The anduced chenical shift, 


contact 


AH (A/h) 27g 58 (g,-1)S (S+1) 
ye Er (1) 
Yy3kt 
Coneact: |. : ‘ : 
AH , in a magnetic field H, is given in terms of 


(A/h), the electron-nuclear hyperfine coupling constant 
in Hz, S, the total angular momentum guantum number of 
the unpaired electrons, Ye the nuclear magnetogyric 
ratvo,.6; the Bohr magneton, and Sar the electronic 
g-factor. The hyperfine coupling constant is dependent 
on the number and the type of bonds separating the para- 
magnetic ion from the nucleus in question, and thus, it 
can vary in both sign and magnitude for nuclei in the 
same molecule. The dependence of the contact shift on 
the hyperfine coupling constant results in different 
GOntact shifts for ditferent: nuclei in the same molecule 
(11). The relative magnitudes of contact shifts for 
various magnetically-active nuclei were calculated by 
Goodman and Raynor (18). For example, they calculated 
that.) for the same fractional Spin occupancy, an ‘TG 
nucleus will experience twenty-four times the contact 
shift experienced by a proton in the same molecule, while 


a ic nucleus will experience almost nine times the con- 


tacts rc, Of the, procon. 


The second type of effect observed in paramagnetic 
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systems results from through-space dipole-dipole inter- 
action between the magnetic dipoles of the unpaired 
electrons and those of the nuclear spins. The Strengen 
of this field, and thus its effect on the nuclei of the 
ligand system, varies with the location of the nuclei 
with respect to the magnetic axis of the complex. Thus, 
the magnitude of the dipolar shift provides information 
about the geometry of the ligand system. The dipolar 
electron-nuclear interaction in complexes with isotropic 
G-Censorns is effectively averaged *toyzero) (14) e) me ean 
ion is magnetically isotropic, or has a symmetrical 
electron cloud, the generated magnetic field is inde- 
pendent of the orientation of the paramagnetic ion with 


respect to the direction of H the applied magnetic 


o! 
field. Therefore, due to rapid tumbling of the molecule 
inwsolution, Mihe net field induced at any nucleus by the 
UnpaLrred electrons 1s zero. For the case of a magnet— 
Jeally anisotropic ion, the generated magnetic field is 
dependent on the orientation of the paramagnetic ion 
with respect to the applied field, Hoe and is not 
averaged to zero by tumbling (14). Each nucleus in the 
molecule experiences a net shielding or deshielding, and 
therefore a change in its chemical shift, due to the 
presence of the unpaired electrons. 


Equation 2 describes the dipolar Sid teOced 


nucleus of spherical polar coordinates r, 0, and ¢ in 
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dipolar ’ 
Hee, my 3cos*0-1 Be sin*0cos2¢ 2) 
H r 3 
ce 


the coordinate system of the principal magnetic axis of 


, 
the complex (14). D and D are constants which depend on 


the principal molar magnetic susceptibilities of the 
complex. With the assumptions that there is axial 
symmetry in the complex or axial symmetry approximated 
by rapid tumbling in solution (19), and that the princi- 
pal axis is colinear with the lanthanide-ligand bond 
(20721) or Vs dertined by therligand’ (22723) ,_Ebauation 2 
Simplifies to Equation 3. In Equation 3, OQ. is defined 


as the angle between the principal axis of the paramag- 


netic molecule and a vector Cis joining the metal to the 


Meee n 3 (coSloe) a 


H rc? 
nucleus in question. Equations 2 and 3 predict that’ the 
dipolar interaction is independent of the nucleus being 
observed, but strongly dependent on the location of the 
nucleus with respect to the paramagnetic ion and the 
principal axis of symmetry of the molecule. The angular 
dependence predicts that, within the same NoOLeciuLe:, 


there may be dipolar shifts of different Signs, Since 
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(3cos*0-1) changes sign at 0 = 54°44. The third power 
distance dependence of the dipolar interaction implies 
that its effect will attenuate rapidly with distance 
from the lanthanide ion, so that a large range of mag- 
netic fields will be experienced by the different nuclei. 
THUS spectral simplafication will result, the overlapping 
resonances will be spread out and resolved spectra ob- 
served. In the presence of lanthanide shift reagents, 
second order splitting patterns are often changed to 
first order spectra without any effect on the spin-spin 
coupling constants. 

The amount of broadening of the NMR resonances 
due to dipolar interactions is dependent on the electron 
spin relaxation time of the paramagnetic ion. Qualit- 
atively, the situation can be explained by a simple 
chemical exchange formalism (16). If the electron spin 


relaxetion time, T is short on the NMR time scale, 


le’ 
the neighboring nuclei experience an average of the 
possible spin states, weighted according to the net popu- 
Vation of Gach state. “This is the fast exchange region 

in which one sharp resonance is observed for each nucleus, 
the position of the resonance shifted from its diamagnetic 
pOStuIon according to the relative populations Of tiie 
electronic spin states. If the electron spin relaxation 


time is long, the unpaired electron spends a long time 


in a given spin state, permitting each nucleus to 
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experience exclusively the magnetic field generated spy 
that state. Separate resonances would be observed for 
the nuclei which experience the different magnetic fields. 
The intensities of the resonances would not be the same 
since the populations of the electronic states are not 
the same, but are temperature dependent. This is the 
slow exchange region. Because most lanthanide ions have 
short electron spin relaxation times, on the order of 


= = 
= £40 sec. (24), exchange averaged resonances are 


10 
observed in lanthanide shift reagent systems. Some 
paramagnetic transition metal ions and lanthanide ions, 
[Eu(II),Gd(III)] have ao which are intermediate be- 
tween the fast and slow cases (11). In this intermediate 
region, there is a large spread in the distribution of 
local magnetic fields within the sample, resulting in an 
uncertainty of the resonance position, that is a 
broadening of the resonance. 

Quantitatively, the resonance broadening associ- 
atvedmwith the dipolar interaction 4s proportional’ to 
piney where r is the distance from the paramagnetic ion 
tomthe milicleus in question (Vl, 25)) shhus; in systens 
awe S \iemeley calets lave is long enough to broaden the NMR 
resonances, the line width of each nuclear resonance de- 
pends on the location of the particular nucleus in the 


molecule. This dependence of the resonance line widths 


on the geometry of the system offers a second method of 
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obtaining structural information from paramagnetic sys- 
tems. Paramagnetic ions which have Tie values of suitable 
magnitude (107° - 1079 seconds), for example Gd(III), are 
often referred to as broadening reagents, and are now 

used regularily in conjunction with shift reagents for 
molecular structure studies (26). 

Thesunpaired electrons of the lanthanide ions are 
inghighly shielded 4f orbitals, so that transfer of spin 
density from the lanthanide ions, either by direct 
delocalization or spin polarization, is unlikely since 
it would have to occur via the higher energy 6s orbital 
(27). Chemical shifts induced by lanthanide ions or 
lanthanide ion chelates are therefore usually attributed 
to the dipolar mechanism (11) and are then dependent 
only on the magnetic anisotropy of the complex, and the 
geometric factor (Beceso-Ier The relative shifting 
abilities and the direction of the chemical shift in- 
duced by the lanthanide ions has been correlated with 
magnetic susceptibility anisotropy and/or g-tensor 
anisotropy of the complex) (11). In several series or 
iso-structural lanthanide salts, it has been shown 
(Dero that, tored given Structure, sd1polar shifts are 
propor e1onal. to) the susceptibility tensor anisotropy. 

In each series of salts, the induced shifts change 


direction at the same places in the lanthanide series, 


corresponding to sign changes in the susceptibility 
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tensors. This observation is reasonable since, in an 
isostructural series, the magnetic anisotropy will be 
determined by the particular £” Configuration o1 tne 
lanthanide ion and therefore the relative magnitude and 
Sign of the anisotropy tensor will be the same as in any 
other isostructural series. The importance of the Geo— 
metric factor in determining the direction of lanthanide 
induced shifts is illustrated by the report of Tanswell 
epeal 7 (S0) ethat Eu(iil) induces downfieldyshittsean)the 
Hyresonances of the nucleotide, ATP while upfield shifts 
are observed for other nucleotides in the presence of 


Built). 
B. lanthanide Shift Reagents 


The first reported application of lanthanide shift 
reagents was the simplification of the NMR spectrum of 
cholesterol by the addition of the dipyridine adduct of 
Eu (dpm) 3 (1), but it was soon realized that "plain" 

Eu (dpm) 3 was a more effective shift reagent (31), due to 
the elimination of the competition between pyridine and 
cholesterol for coordination sites on Eu(III). The 
analogous praseodymium chelate, Pr (dpm) 3 was shown to 
induce chemical shifts in the opposite direction to those 
induced by the europium chelate (32), thus they can be 
used in a complimentary manner. Soon thereafter, 


Rondeau and Sievers reported that the Eu(III) and Py isias) 
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chelates of the partially fluorinated 8-diketone ligand, 
fod (Structure II, page 128) are even more effective shift 
reagents (33). Pr (fod) , and Eu (fod) , are more soluble 
than the dpm chelates, are better Lewis acids, and thus 
are able to coordinate to a wider range of substituent 
molecules. 

One of the early observations with these shift 
reagent systems was that the induced shifts increase with 
increasing Shift reagent to substituent molar ratio. (12). 
This indicates that the exchange of substituent between 
its shift reagent-complexed form and its free form is 
fast on the NMR time scale. Thus shift reagent data can 
be explained in terms of complex formation equilibria. 
The induced shift is quantitatively related to the form- 
ation constant of the shift reagent—substituent complex, 
and the chemical shift of the substituent in the complex 
(34-39). A second early observation with paramagnetic 
lanthanide systems was that the chemical shift induced 
in ther various protons Of the substituent molecule as 
dependent on the distance of the proton from the site of 
complexation to the shift reagent (12). This distance 
dependence of the isotropic shift is INndacacilve OL sa 
dominant dipolar interaction between the lanthanide ion 
and the substituent. The distance dependence of the 
dipolar shift can be analyzed to determine the conforma- 


ation and structure of molecules in solution (40—43). 
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Although most of the research and applications 
of lanthanide shift reagents have been with the dpm and 
fod chelates in organic solvents, aqueous solution lantha- 
nide shift reagents have also been studied. Reuben and 
Fiat studied the interaction of various anions with the 
trivalent lanthanide cations in aqueous solution (44). 


17, and ly chemical shifts as a function 


By monitoring the 
of the concentration of added anions, they determined 
that nitrate, sulfate, acetate, and to, a lesser extent, 
chloride, form complexes with the lanthanides while per- 
chlorate does not. The hydrated lanthanide ions have 
been shown to induce shifts in the proton resonances of 
carboxylic, aminocarboxylic, and hydroxycarboxylic acids 
PMeagvueous=solution .(45546).) The ,esuliscwot tHartecraal. 
(46) suggest that the deprotonated carboxyl group binds 
to the lanthanide ions, whereas the amino and hydroxyl 
Groupsedo now. 

Barry and coworkers (40) used lanthanide salts as 
shift reagents in studies of mononucleotide conformations 
in aqueous solution. From a combination of chemical 
shift and resonance broadening data, they determined that 
the phosphate group of the nucleotide binds to, theslancha— 
nide ion and results in selective shifts and/or broaden- 
ings in the nucleotide resonances. 


Praseodymium and europium chlorides and nitrates 


were reported to cause differential Shotts Inet hes 
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spectra of aqueous carbohydrate solutions, provided the 
carbohydrate possesses a steric arrangement of hydroxyl 
groups suitable for complexation (47-49). Spoormaker 

and coworkers (47) report that tridentate complexation by 
three consecutive hydroxyl groups of the carbohydrate is 
likely. Angyal and coworkers (49) used lanthanide in- 
duced shifts to determine the conformations of several 
carbohydrate molecules in aqueous solution. 

To assess the relative importance of contact and 
dipolar shifts on the proton NMR spectra of lanthanide 
complexes in aqueous solution, Donato and Martin invest- 
tigated) the Janthanade-2,6 dipicoline (dpa) ssystem50))- 
The trivalent lanthanide ions induced large shifts in 
the proton NMR spectra of dpa in basic solution, until 
the dpa to lanthanide ratio exceeded three, when peaks 
characteristic of the excess ligand also appeared. This 
was taken to indicate the formation of a strong Ln (apa) > 
complex. Analysis of the observed shifts indicated a 
dominant dipolar mechanism for this interaction in aqueous 
sobution: 

Birnbaum and coworkers (51,52) studied the inter- 
action of the shift reagent, Nd(III), with a variety of 
carboxylic acids, amino acids, and histidine in aqueous 
solution. They reported that only the tdeprotonaced pear— 
boxylate group of aminocarboxylic acids complexes Nd (IIT) 


at low pH, but that between pH 6,0mand7..0, SNdtEoL) will 
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bind to histidine in a bidentate manner via the carboxy] 
group and the imidazole nitrogen. They used a combina- 
tion of iteration and least squares fitting techniques 
to simultaneously determine the conditional formation 
constants of these complexes at selected pH values, and 
the chemical shifts of the ligand protons in the com- 
plexed form from the chemical shift data. The results of 
Studies of this type are of importance in view of the 
criterion which must be met to obtain conformational 
information from lanthanide induced shift studies. 
Birdsall et al. (26) have pointed out that if a molecule 
binds a single lanthanide ion at a unigue binding site, 
the analysis of the observed dipolar shifts can define 
the geometry of the substituent molecule. 

Anteunis and coworkers (53,54) have used lanthanide 
salts to simplify the NMR spectra of small (penta to 
hepta) peptides in D,O solution. They observed the 
Gnteractivon of the shift reagent at the deprotonated 
carboxylate sites and also at the amino sites at a pH 
greater than the isolectric point. They observed no inter- 
action of shift reagent at the peptide functional site 
(53). They suggested that the formation of ion pair 
clusters could account for some of the interaction ob- 
served at the amino site, and that at low pH, the NH,” 
moieties could also form complexes with the shift reagent 


via ion pair formation with the counterion, of sthe 
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lanthanide cation. 


Lanthanide ion complexes of ethylenediaminetetra- 
acetic acid have been used as NMR shift and broadening 
probes to study the conformations of nucleotides in 
aqueous solution (55). The use of the lanthanide-EDTA 
complex as the shift reagent prevents the precipitation 
of the lanthanide hydroxides, which usually occurs before 
pH 7, and thus expands the pH range over which shift 
reagent effects can be studied. The lanthanide-EDTA 
complexes have also been shown to induce chemical shifts 
in the NMR spectra of salicylaldehyde and o-nitrophenol 
at high pH where the hydroxyl groups are deprotonated 
(56). It is suggested that chelation plays an important 
role in the complexation of these molecules by the shift 


reagent complex. 
Cy Overview Of Part If 


In view of the abundance of information about the 
conformation and structures of molecules in solution and 
the assistance in spectral interpretation which can be 
obtained from lanthanide induced shifts, and the lack of 
a comprehensive study of the interaction of possible 
aqueous shift reagents with a Vablety Of CONOr Groups, oe 
was decided to evaluate several lanthanide systems as 
possible aqueous shift reagents. It was mentioned earlier 


in this chapter that such information is essential if 
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conformational information is to be extracted from lantha- 
Hidesinduced shift: studies. In Chapter Vil of this 
thesis, the shift reagent properties of Eu(Ii1) and 
Pr(III) are compared. A method is described for deter- 
mining both’ the chemical shift of the complexed substi-— 
tuent molecule and the formation constant of the lantha- 
nide-substituent complex. The dependence of the paramag- 
netre wsiirt On the courerion of the lanthantde isalt,. ana 
the interaction of the lanthanide cations with a variety 
of functional groups are also investigated. In Chapter 
Vidi, several polyaminopolycarboxylic acid ‘chelates of 


Pr(III) are considered as possible aqueous shift reagents. 
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CHAPTER VI 


EXPERIMENTAL 


A. Chemicals 


Pr (NO3), and Eu(NO,), were obtained from Research 
Organic/Inorganic Chemicals. PrC1,°6H,0 and Pr (C10,) 3° 
6H5O were obtained from Alfa Inorganics. Solutions pre- 
pared from these salts were first filtered and then 
standardized as described below. Ethylenediaminetetra- 
acetic acid (Fisher Chemicals), N-(2-hydroxyethyl) - 
ethylenediaminetriacetic acid (Aldrich Chemicals), and 
Bee cea nine reueseeeras acid (K + K Laboratories) 
were used without further purification. All other 


chemicals were reagent grade and were used without fur- 


EHer OuLd PLeation. 
B. Preparation of Solutions 


in general; all “solutions were prepared’ as des-— 


eribed in Chapter Il, Section C. 


C. Preparation and Standardization of Lanthanide Salt 


and  sbigand Solutvons 


Stock solutions of approximately 0.4 M lanthanide 
salt in triply-distilled water were filtered to remove 
the insoluble impurities, which looked like paper fibers. 
An aliquot of this stock solution was diluted fifty-fold 


for standardization. The standardization procedure 
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involved adding a known excess of EDTA to a 25 ml ali- 
quot of the diluted solution, buffering the solution at 
pH 10 with triethanolamine, and then titrating the excess 
EDTA with standard zinc nitrate to an Eriochrome black 
Peendpoint. 8The molessof Vanthanide donsin’ thes 25 onl 
aliquot was taken to be equal to the total moles of EDTA 
minus the moles of ano required to reach the endpoint. 

Acetic acid and methanesulfonic acid solutions 
were standardized by titration with standard sodium 
hydroxide to a phenolphthalein endpoint. Methylamine and 
N-methyl imidazole solutions were standardized by 
titration with standard nitric acid to a methyl red end- 
point. 

Stock solutions containing approximately 0.4 M 
N- (2-hydroxyethyl) -ethylenediaminetriacetic acid in 
triply-distilled water or 0.4 M cyclohexanediaminetetra- 
acetic acid in triply-distilled water were standardized 
by titrating aliquots, buffered with triethanolamine, 
with standard zinc nitrate to an Eriochrome black T end- 


Dole, 
D. pH Measurements 


pH measurements were carried out as described in. 
Ghapter il, Section D,, with the exception that yastsner 
Accumet 520 pH meter was also used. In some experiments, 


the third figure after the decimal in the pH reading was 
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recorded. Although this digit has no significance in the 
actual meaning of the pH value, the change in pH between 
Successive data points is expected to be Significant at 
this decimal place and there was less scatter in the 


calculated formation constant values when this digit was 


used. 


E. NMR Measurements and Reference Compounds 


NMR measurements were carried out as described in 
Chapter, 11, Section ©, with the exception: that stheschem— 
ical shifts are reported relative to t-butanol rather 
than sodium 2,2-dimethyl-2-silapentane-5-sulfonic acid 
(Ss). 

TO.determane vthe: effect of aqueous wlanthanwde shaeét 
reagents on possible NMR reference compounds, increments 
Or Pr (NO,), WeLeuacdded: tOvaSOlUt one e022 MeinecochsoOr 
t-butanol, dioxane, DSS, tetramethylammonium nitrate (TMA), 
and acetone up toa Pr (NO3) 3 concentration, of 02 2eMa the 
chemical shift of the resonance of each solute molecule 
was measured relative to all the other resonances after 
each increment of Pr (NO3) , was added. The data indicated 
that the relative positions of the resonances did not 
change, except for DSS which appeared to be shifting 
downfield with the addition of the shift reagent. Ina 
solution containing approximately equimolar concentrations 


of DSS and Pr (NO3) 3, the DSS singlet appeared 0.05 ppm 
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downfield from its position when no Pr (NO3), was present. 
This change in chemical shift was taken to indicate a 


Pr(III)-DSS interaction and therefore DSS was not used 


aswasreLerence Compound in this work. Dioxane,, t—-butano., 


and TMA were used as references. 


An interaction between the PrHEDTA shift reagent 
and the reference compound TMA was also observed. The 
TA resonance in a solution containing approximately 
Ole2 NM IMA and 07! M~ PrHEDTA was “shrited 6-063) ppm 
downfield from its position when no PrHEDTA was present. 
Ths anteraction will be discussed further in ‘Chapter 
Viltnhp but 1b should: be noted that IMA is not a@ surtabie 
reference compound for this type of shift reagent system, 


and therefore only dioxane and t-butanol were used. 
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CHAPTER VII 


THES HYDRATED Pr (IL) AND tu (Til) CATIONS AS 


AQUEOUS SHIFT REAGENTS 


AS IMeErcCaucteion 


Invthis chapter, the hydrated, Pr(iit) and Eu(iil) 
ions are investigated as aqueous solution shift reagents. 

As mentioned in Chapter V, the rate of exchange 
of the substituent molecule between its lanthanide com- 
plex and its free forms is generally fast on the NMR 
time scale, and thus the observed chemical shift is a 
weighted average of the shifts of the free and complexed 
forms. Consequently, the lanthanide induced shift de- 
pends on both the shift of the complexed form and the 
fraction of the molecule in the complexed form; the frac- 
tion of the molecule in the complexed form depends on 
the formation constant of the shift reagent-substituent 
econplex.,e Thus, 0 characterize the properties of Similar 
Shite reagents, both the chemical sshivit of thescomplexed 
form ana the formation constant of the complex are 
important parameters. 

First the shift reagent properties of the hydrated 
Futtii) and, Pr (Tli) ions are compared by studying the 
shifts they induce in the proton NMR spectrum of acetic 
acid. A method is described for determining both the 


chemical shift of the complexed substituent and the 
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formation constant of the complex from the lanthanide 
induced chemical shifts and applied to the Eu(III)-acetic 
acid “and Pr(ill)-acetic acid systems. Based on the re— 
sults obtained from this study, the Pr(III) system was 
selected for further study. Next, the effect of the 
counterion of the lanthanide salt was examined by com- 


Daring the Grfect of Pr(Clo Pr (NO), and PrCl on che 


4) 3° 3 

NM SPeECtErum or the acetic acid Ligand. ‘The formation 
constant and chemical shift of the Pr(III)-acetate com- 
plex were determined in the presence of each counterion. 
The results of this study indicated that Pr (C104), would 
induce the largest chemical shifts. Therefore, the 
effect of Pr (C10q) 3 on various functional groups was 
investigated. The carboxylate, amino, sulfonate, sulf- 
hydryl, and imidazole-nitrogen functional groups were 
selected as the potentional complexation sites of organic 


molecules, such as amino acids and peptides, which are 


of interest in aqueous solution. 


Bs Results 


1. A Comparison of the Shift Reagent Properties of 
Eu (NO) 5 and Pr (NO3) 4 


To compare the shift reagent properties of the 
europium(III) and praseodymium (IIT) cations in aqueous 
solution, their effect on the NMR spectrum of acetic acid 


was investigated. The hydrated lanthanide ions are known 
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to interact with deprotonated carboxylate groups but not 
with the protonated carboxylic acid groups (51). There- 
fore, changing the pH of a Pr(III)-acetic acid solution 
effectively changes the amount of ligand available for 
complexation, that is, it effectively changes the Pr(III)- 
substituent ratio. Thus, the magnitude of the induced 
shift of the acetate resonance of a Pr(III)-acetic acid 
solution is dependent on the solution pH. The lanthanide 
Salt-acetic acid interactions were studied by monitoring 
the chemical shift of the acetate resonance as a function 
of pH for solutions containing approximately equal con- 
centrations of acetic acid and the appropriate lanthanide 
salt. The chemical shift data is presented as a function 
Orapieen Table 20) for a solutionecontaiming. 0709050 
acet1eeacid and 0.0766 M Eu (NO3) 3 and sa soluei1on con 
taining, 070973 Miacetic acard and70-0/49—M Eu (NO3) 3. 
Similar data is presented in Table 21 for a solution con- 
taining 0.0980 M acetic acid and 0/0800 ™M Pr (NO3) , and 

a solution containing 0.0932 M iacetic acid ands 0.06855" 


Pr (NO The data presented in these two tables demon- 


Ase 
strates the major difference between praseodymium and 
europium shift reagents; namely that they induce chemical 
shifts in opposite directions. In solutions of acetic 
Bed titratea to high pH, the acetate ~esonance occurs 


0.67 ppm downfield from t-butanol. In the presence of 


an approximately equivalent amount of PU Peele wacetdcs 
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resonance appears 1.6 ppm upfield from t-butanol. Ina 
solution containing approximately equal concentrations 

of Pr(III) and acetate, the acetate resonance appears 

5.7 ppm downfield from t-butanol. This suggests that 
Pr(III) would be a more suitable shift reagent because 

it induces downfield shifts. Resonances of protons 
nearest the possible coordination sites of ligand mole- 
Cules are generally further downtield than Phose on, otter 
PEOEONS an the ligand. “Wpon addition of euGlil)| tne 
resonances of nuclei close to the binding site move fur- 
ENemaownrreldyresulting: anespectral clarici cations 
the presence of Eu(III), these resonances would move up- 
field and likely cross over the resonances of other 
nuclei of the ligand molecule, and spectral clarification 
would not necessarily be achieved. For the same reason, 
Eu (fod) , and Eu (dpm) , ave generally used in preference 

to Pr (fod) , and Pr (dpm) , in organic solution studies, 
since these europium chelates induce downfield shifts 
while the analogous praseodymium chelates induce upfield 
shitts eCL) 

To quantitatively compare the shift reagent prop- 
erties of the Eu(II1l) and Pr(1iL) cations, the formation 
constants and chemical shifts of the Eu(III)-acetate 
and Pr(III)-acetate complexes were evaluated by a combin- 
ation of linear and nonlinear least squares fitting 


techniques. In Eu(III)-acetic acid and Shay (SILIN)aevets! eile: 
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acid systems, the exchange of the acetate ions between 
the free and lanthanide-complexed forms is fast on the 
NMR time scale, as indicated by the presence of only one 
acetate resonance in the NMR spectra of lanthanide ion- 
acetate solutions. The chemical shift of the acetate 
resonance is dependent on the lanthanide ion to acetate 
ratio. The observed chemical shift, OF ae is a weighted 


average of the chemical shifts of each acetate species 


in solution, according to Equation 4. 6 represents the 


=. 1PiaO 5 


eae For Ne et 


Sie 2 ies ee * 
chemical shift of the acetate protons in the indicated 
species; S- is determined by the relative concentration 
of acetic acid, HOAc, and acetate, OAc , which depends 
only on pH, and their chemical shifts.  P xepresents the 
fraction of acetate in the, free and the J. b:27 7and 


1:3 complexed forms, as indicted. Pieis Pi.2 and Pl 33 


are defined by Equations 5-7, where [HOAC], +41 is “the 


lige (font OnGNL a 
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2[Ln (OAc) 5°] 


1k D nae [HOAc] (6) 
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3 [Ln (OAc) 5] 


de en OAC Mares (7) 
INEM seal 


total acetate concentration in the solution and Ln the 
appropriate lanthanide cation. The sum of all the frac- 
f10nS, Pe + Pl. + Pi.2 + Pl .3) istuni ty. toes ormmeat rom 
constant and chemical shift of the acetate protons in 

the 1:1 lanthanide-acetate complexes have been determined 
from the chemical shift data of solutions in which the 
lanthanide ion concentration, in ane was somewhat greater 
than the acetate ion concentration, [OAc ].. Under these 
conditions it can be assumed that the 1:2 complex, 

Ln (OAc) 5", and complexes of higher acetate content, can 
be neglected. It will be shown that the relative magni- 
tudes of the formation constants of the 1:1 complex, Key 
and Of the [2:2 complex, Keo justify this assumption in 
both the HEu(ill)-acetate and Pr(ilil)-—acetate systems. 
Thestormatrvon “constant and the chemical yshiit ofthe 
acetate protons of Pr (OAc) 7* were determined from the 
pHu@4edata of Table 21 by the linear curvebitting (method 
described below. This data meets the criterion that 
eer =) [OAC |), siancesat pH <4anost oObetme, acetate sis 
present as HOAc. At pH > 4, a deviation from linearity 
was taken to indicate that the Pr (OAC) 5" complex was also 


important. The formation constant and chéenicalish met gos 
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the methyl protons of Pr (OAc). were determined from the 
pH > 4 data of Table 21 by the nonlinear least Squares 
method also described below. Calculations using the 


value of 9.80 for the pK, of PrOH,”* (57) indicate that 


at a pH less than 6, the concentration of ProH?* is 
negligible. 

With the assumption that only the 1:1 lanthanide- 
acetate complex is important, Equation 4 simplifies to 


Equation 8. The formation constant of the Pr (OAc) 7? 


6 (8) 


complex is defined by Equation 9 in which heey is the 


PR eoneyo 1 ete ae ea 
‘aay [Pr??][0Ac ] ; [pr*?] oP, [HOAC] 7 
ef ane oral 
concentration of uncomplexed praseodymium ion, [HOAC] , +a) 


is the total concentration of acetate in all forms, and 
fOAC™) 91S the concentration on: frees ligand) in the depro— 


conaeea form, equal tO aP-[HOAC], jpa1° Gls the traction 


of free ligand which is in the deprotonated form and is 
dependent only on pH. Using the relationship Pe + Pi. ie 


Equation 10 is obtained by substituting Bquation 9einto 


8. When (O- - se ree) is the y-axis variable and 


6 5 the x-axis variable, Equation 10 is then the equation 
obs 
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OLVanstGaLrgnt Jin i i = 
g e with slope K,, and intercept OKe]- 
The concentration of free Pr(III) is unknown and is 


dependent on the formation constant. Therefore, for each 


: +3 : . : 
davarpoint, [Pr |] was obtained by an iteration procedure. 


Initially, it was assumed that [ere y for each data point 
was equal’ to the total concentration of Pr(1it) ian the 
solution, and the straight line defined by Equation 10 
was determined. The slope of this line gives a value 

£Or Keyi this value of Key was used to calculate a better 
(ee for each data point, and thus a better estimate 

of Key was obtained from the new straight line. This 
procedure was repeated until the calculated values of 
fpr] converged at each data point, usually within ten 
iterations. The formation constant and chemical shift 

of the sroieyenc were obtained from the slope and y-axis 
iMbercept Of the Straight, line an the Jast iteration 
Step. Pigure 1) shows the straight tine cbtained in the 
Jasteiterabvon. Of the; procedure tor he pH <4 datasoy 
Pable 2 including the nonlinear data points ac gol 
values greater than 4. From the slope and intercept of 
this graph, values of 53.2 + 0.4 and 9.095 + 0.01 ppm 


were obtained for the formation constant and chemical 
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Teh Dude cn bikie Occ cap nlnnen 
Sobs 1 PPM vs t-butanol 


PlOL Of (Oppenon)/ Ole i) versusmtne 
observed chemical shift of the methyl 
protons of acetic: acid in Jan ‘aqueous 
solution containing 0.0980 M acetic 
acid and 0.0800 M Pr(NO3)3 at pH 
values ranging from 3.01 to 4233. ) The 
straight line joining the points was 
determined by a linear least squares 
analysis or the “linear points vaiimad 
is, all the points shown except the 
three corresponding to the largest 
Gobse walues. “sce (lext forvdiecussion, 
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Shitt of the Pr (OAc) ** complex. This formation constant 
is in good agreement with the value 65 obtained by 
Sonesson (58) from potentiometric titration data for 
solutions of higher ionic strength (I = 2.0). 

The formation constant of the 1:2 Pr (III) -acetate 


+ , : 
complex, Pr (OAc) , as defined by Equation 11. Wren ‘tenis 


[Pr (OAc) 1] 
[eee hppa eee eee eee (11) 
f2 [Pr (OAc) “*} [0Ac™] 


complex is present, the observed chemical shift of the 
acetate Tesonance WSedilven by Equation Zain worcheer 


fea 


6 (12) 


and P abe the fractions of lagand in) the Pr (OAc) “* 


2 
4- 
and Pr (OAc) 5 complexes (defined by Equations 


aang. 6) and 65.3 and O42 are the chemical shifts 


of the acetate protons in these complexes. The formation 


constant and chemical shift of the acetate protons o1 
hie Pr (OAc) 9" complex were calculated from the pH > 4 
Gata of Table 21. The nonlinear least squares fitting 
program, KINFIT (59) was used to fit the observed chem- 
ical shitt for each data point to a calculated value to 
determine kK and Sy." using in ‘the calevulat ton che 


£2 


values for Key and 8161 obtained above. The program 


KINFIT varies the unknowns 84.2 and Keo until the best 
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fit is obtained between the observed chemical shift and 
that calculated for each data point. The chemical shift 
at each data point was calculated from a form of Equation 
12 in which the fractions of ligand as each species were 


expressed in terms of pH, the Ky of the ligand, K and 


pals 
Keo: These expressions were obtained by simultaneously 
solving the mass balance equations for Pr(III) and acetic 
acideap these calculations resulted) im values tot Gs 5ut0.6 
andio.23 + ).04 ppm for the formation constanc sand) the 
chemical shift of the Pr (OAc) 5" complex. This formation 
constant is in good agreement with the value of 10 ob- 
tained by Sonesson (58) from potentiometric titration data 
at a higher ionic strength. The small values obtained 
Bot Key and Keo as well as the potentiometric titration 
results of Sonesson (58) indicate that the Pr (OAC) 3 and 
Prone) ye complexes are not important under the solution 
eendi tions of this work. 

The formation constant and the chemical shift of 
the acetate protons of the Eu (OAc)** and Eu (OAc). com- 
plexes were obtained from similar calculations using the 


chemical shift data of Eu(NO -acetate solutions pre- 


as 
sented in Table 20. The results of these calculations 
and of the Pr(III)-acetate system are summarized in 
Table 22. The results presented in this table show that 

2+ 2+ 
the formation constants of the Pr (OAc) and Eu (OAc) 


complexes are similar, but that the chemical shift of 
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TABLE 22 


Formation Constants and Complex Chemical Shifts for 
Pr (III)-Acetate and Eu(III)-Acetate Complexes 


Complex Formation Constant Chemical Shift?’? 
2+ c 
Pr (OAc) SS a 9.095 
. e Cc 
Pr (OAc) 5 6.5 SoS 
Eu (OAc) “* 62.6 ease 
Eu (OAc) 4" 5.0 SAG Oe 


a) ppm vs. t-butanol 

b) The methyl resonance of acetic acid and of acetate 
occur 0.850 and 0.676 ppm, respectively, downfield 
OL et —butanol 

Gye Uncertainty im this valuegise= 20.002) ppm 
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the praseodymium complex is much larger than that of the 
europium complex. This indicates that, although Pr (III) 
and Eu(III) interact to approximately the same extent 
with the carboxylate group, the induced chemical shifts 
will be much larger in the presence of Pr(III) than 
Eu(III) for the same set of solution conditions. There- 
fore, the direction of Pr(iil) induced shitts@is notion! y 
BEererable* to that ror Hu (lily anduced shztts, eputethei, 
greater magnitude results in better spectral clarification 
and more precise conformational measurements. Thus, the 
Pr(III) cation was selected for use in further aqueous 


shift reagent studies. 


2. The Counterion Dependence of Pr(III) Induced 


Chemical shifts in Aqueous solution 


To determine the effect of the counterion of 
the lanthanide salt, the Pr(III) induced shifts in the 
NMResSpectrum Of acetic acid were investigated, “and the 
Pree 


and Pr(CloO 


effects of Pr (NO.) compared. 


ay a! ae 
Birnbaum and Moeller (60) used lanthanide salts as shift 
reagents for substituted pyridine molecules in acetoni- 
trite solution. They found that, for a given lanthanide 
cation, the magnitude and the direction of the induced 
shift depended on the counterion of the lanthanide salt. 


Therefore, both the direction and magnitudes of the 


Pr(III) induced shifts in the NMR spectrum of aqueous 
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acetic acid are of interest for the comparison of the 
Py tril )ysalts. 

The acetic acid-praseodymium salt systems were 
studied by monitoring the chemical shift of the methyl 
protons sof the acetic acid as a function of pH for solu 
tions containing approximately equal concentrations of 
acetic acid and the appropriate praseodymium salt. The 
Pr (NO) ,-acetate system was discussed in Section 1 above. 
The chemical shift data is presented as a function of pH 
in Tableg2l tor a solution containing 020960 Meacetic 
acid and 0.0800 M Pr (NO3) 3 and a ‘solution containing 
0.0932 M acetic acid and 070885 M Pr (NO,),- SamieLan 
chemical shift data is presented in Table 23 for the 
acetic acid-PrCl, system and in Table 24 for the acetic 
acid-Pr (C10,) 4 system. There are no large differences 
in the data presented in these three tables, since the 
Magnitudes of the observed chemical shifts are very 
Sinideneand tae wdlGection Of cele sSi lero elseulem camera 
albbethree Cases. = One can conclude, therefore, that the 
directional dependence of the chemical shift, observed 
by Birnbaum and Moeller in acetonitrile solution (60), 
on the anion of the lanthanide salt is not observed in 
aqueous solution. This presumably is due to the ability 
of water to compete more effectively than the acetoni- 
trile for the coordination sites of the lanthanide ion, 


resulting in less lanthanide-counterion interaction. 
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This suggests, however, that there may be some complexa- 
tion of the counterions by the lanthanide cations, even 
in aqueous solution. 

To obtain a quantitative evaluation of the differ- 
ences between the three Pr(III)-acetate systems discussed 
above, the formation constant £or the Pr(Til)—acetate 
complexes and the chemical shift of the acetate protons 
in these complexes were determined in the presence of 
the nitrate, the chloride, and the perchlorate anions. 
The data in Tables 21, 23, and 24 were used to calculate 
these parameters by the method discussed in Section 1 of 
this chapter. The results of the calculations for each 
of the systems are presented in Table 25. These results 
indicate, that the Pr( lil) interacts Jess with) thetper— 
chlorate anion than with the nitrate and chloride anions, 


Since the PrloAcy-* 


formation constant is larger in the 
presence of perchlorate than with either nitrate or 
chloride. Reuben and Fiat came to a similar conclusion 
by studying the water a6 resonances of solutions of the 
Lanthanide salts (44). Thus the praseodymium perchlorate 
salt would be the best shift reagent both for spectral 
simplification and for conformational studies, and was 


used in the remaining aqueous shift reagent studies dis- 


cussed in this thesis. 
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3.) The Interaction of Praseodymium (IIL) with the 


Potential Donor Groups of Organic Molecules 
i) The Carboxylate Group 
The interaction of the praseodymium(IIT) 

cation with the carboxylate functional group was evaluated 
by studying the Pr (C10,) 3-acetic acid system. The results 
obtained from this study, discussed above in Section 2, 
indicate that Pr(iil) vinteracts with, the deprotonaced 
carboxylate group over the entire accessible pH range 
(pH < 6.5). It was also shown that, by the careful 
Cno1ceror solution conditions, the formation, of only a 


it complex, Pr (OAc) ** was important. 


ii) The Amino Group 
The interaction of the praseodymium (III) 
cation with the amino functional group was evaluated by 
studying the Pr(III)-methylamine system. The chemical 
shift of the methyl protons of methylamine was monitored 
as) a function Of pH for a solution contaiming 020967 0M 


Pri(CHuo and 0.10 M methylamine. The chemical shiftt of 


4)3 
this resonance did not change from the position of 
uncomplexed CHjNH,” between vpH 2.6) and 6. 6... 1At nioner 

pH values, where the ammonium group deprotonates, 
praseodymium hydroxide precipitates. A second experiment 


was performed in which the pH was maintained at 6 and 


the molar ratio of Pr(III) to methylamine was varied. 
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The chemical shift of the methyl protons of methylamine 
remained constant for ratios of Pr{Iit) to methylamine 
varying from 0 to approximately 3. These results were 
interpreted as an indication of no interaction of the 
Pr(III) shift reagent with the amino functional group at 
PH values less than 6. A similar conclusion was reached 
Pyabrados tet ale. (61) from potentiometric) titration 
studies of lanthanide ion-aminocarboxylic acid solutions 
and by Birnbaum et al. (62) from NMR and difference 
absorption spectroscopy studies of neodymium (III) -amino 
acid systems. However, Katzin and Gulyas (63) report 
circular dichroism studies which indicate that a-amino 
acids can form chelates with Pr(III) in alkaline solu- 
tion. The ligand coordinates through the amino group 

ands they carboxy.) group 6 8to 1b, to sor five-membered 
rings stable enough to postpone the hydrolysis of Pr(III), 
which normally occurs before pH 7. Anteunis and coworkers 
also reported that the free amino function can bind to 
lanthanide ions an aqueous solution (537,54) “This con— 
eGlusdon was based on the resultsion asstudy of schegerrecr 
of added Pr(III) on the NMR spectra of pentapeptides. 
They observed shifts in the proton resonances of the 

tail residue when its free amino function was deproton- 
ated by the addition of base. They also suggest that 

the Pr(III) shift reagent can interact with the NH” 


moiety by the formation of an ion pair cluster with the 
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counterion of the lanthanide salt. This type.on anter- 


action will be considered again in Chapter Viti: 


dre the Sultonate «Group 

The intéraction of the praseodymium(II1) 
cation with the sulfonic acid functional group was eval- 
uated by studying the Pr(III)-methanesulfonic acid 
system. Methanesulfonic acid is a strong acid, there- 
fore changing the pH does not change the fraction of 
ligand available for complexation. However, the chemical 
shift of the methyl protons was monitored as a function 
of pH for a solution containing 0.0347 M Pr(C10,) 3 and 
0.110 M CH350,H, to ensure that no pH dependent inter- 
action was taking place. The chemical shift remained 
constant for samples ranging in pH values from 1.02 to 
6.69. Praseodymium hydroxide precipitated at higher pH. 


The observed chemical shift of the CH3SO in these 


2} 
samples was 1.535 ppm compared to 1.563 ppm for CH,SO0. 
with no Pr(iil) added. This indicates that there 1s sa 
Slight, pH andependent interaction, of CH,S0,_ Wa tlyeP re (UT Te. 
To obtain a more quantitative understanding of this sys- 
tem, a mole ratio experiment was performed. The chemical 
shift of the methyl protons of methanesulfonic acid was 
monitored as Pr (C10,) 3 was added and the pH maintained 


at 4.0. The chemical shift data for SOLUtLONSLOL 


Pr(Cl0,) 3 to methanesulfonic acid ratios ranging from 0 
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to 3.5 is presented in Table 26. Over this mole ratio 
range the methanesulfonate resonance shifts 0.06 ppm 
downfield, indicating only a very weak interaction. This 
observation is consistent with the finding, discussed in 
Chapter II, Section E, that the methyl resonance of the 
NMR reference compound, sodium 2,2-dimethyl-2-silapentane- 
2-Ssulfonic acid (DSS), experiences small chemical shift 


changes in the presence of Pr(III). 


iv) The Sulfhydryl Group 

The interaction of the praseodymium (IIT) 
cation with the sulfhydryl group was investigated by 
studying the Pr (C10,) ,-thioethanol system. The absence 
of interaction of Pr(III) with the NMR reference compound, 
t-butanol (see Chapter VI, Section E) indicated that any 
Pri). interact ron with thioethanol, HOCH,CH,SH, would 
be through the sulfhydryl group. In the low pH region 
(< 6) where praseodymium hydroxide does not precipitate, 
thessulthydry! Group exists entirely in the protonated 
form. Therefore the Pr(III)-thioethanol system was 
studied by monitoring the chemical shift of the ligand 
resonances! as a tunction of the Pr (lil) to thicethanol 
ratio. No change in the position of the ligand reson- 
ances was observed on varying the Pr(III) concentration 


from 0 to 0.20 M, while maintaining the concentration of 


thioethanol at 0.11 M and the pH at 4. These results 
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TABLE 26 


The Chemical Shift of the Methyl Protons of Methane- 
sulfonic Acid in Solutions of Pr(Cl0,)3 and Methane- 


Sulfonic Acia at pH 4.0 


[Pr (ClO¢ ) 3} 


—— 


a} 


Ml 


0.0174 
0.0342 
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0.0666 
0.0822 
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indicate that the sulfhydryl functional group cannot 
coordinate to the praseodymium ion in the pH region where 


praseodymium hydroxide does not precipitate. 


v)i) the Imidazove: Group 

The interaction of praseodymium(III) with 
the imidazole-nitrogen group was investigated by studying 
the Pr (C10,) ,-N-methy1l imidazole system. The chemical 
shifts of the protons of the ligand were monitored as a 
function of pH for a solution containing 0.110 M 
Pr (C104) , and 0.0900 M N-methyl imidazole. The chemical 
shift titration curves of the ligand protons differed 
Only Ssixzghtly, if at all, from those obtained Ter solu 
tions containing N-methylimidazole alone, indicating that 
NOwSsi9gni fi cant interaction of thes Pri( lil) toccurs at. the 
imidazole nitrogen site at pH less than 6.0. However, 
Birnbaum and coworkers (51,52) did conclude from NMR 
studies and potentiometric titration data that, at pH 
values greater than 6.0, histidine complexes to 
neodymium(III) through both the carboxyl group and the 


imidazole-nitrogen site. 
Ce Discussion 


The results presented in this chapter indicate 
that, of monofunctional molecules containing thescarbox— 
ylic acid, amino, sulfhydryl, imidazole, and sulfonic 


acid groups, Pr(III) complexes only with those containing 
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carboxylic acid and sulfonic acid groups up to DUGG. 
It was also shown in Chapter VI sthat Pr(lil), does not 
interact with hydroxyl and ether oxygens in aqueous solu- 
tion.) Thus Pr(lIl) as an effective shift reagent only 
for monocarboxylic acid and monosulfonic acid molecules 
in aqueous solution, however, the shift induced in the 
methyl resonance of methanesulfonic acid is quite small. 
Although the amino, imidazole, and sulfhydryl groups are 
protonated in the pH region accessible in this study, 
(pH < 7), the possibility of lanthanide complexation by 
these groups was considered because other metal ions, 
for example Zn(II), are capable of displacing the proton 
and complexing these functional groups in this pH region 
(64). In aqueous solution, the conditions are less 
favorable for lanthanide-induced shifts than in organic 
solution, where interaction with these functional groups 
has been observed (11), since the functional group must 
compete with water molecules for the coordination sites 
on the danthanide cation. Thisvis analogous (to the 
observation that Eu (dpm) ,°2pyridine induces smaller 
shifts than Eu(dpm) 3 in the spectrum of cholesterol 
(1,30) because of competition between pyridine and 
cholesterol for the Eu (dpm) 3. 

The results of other workers suggest, however, 
that the situation may be different for polyfunctional 


molecules in which chelation can occur. For example, 
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Katzin and Gulyas (63) concluded from circular dichroism 
Studies that a-amino acids can form chelates with Pr (IIT) 
via the carboxylate and the amino groups, to form stable 
S-membered rings. Birnbaum and coworkers (51,52) con- 
cluded that histidine forms a bidentate complex with 

Nd (III), at pH greater than 6.0, by complexation through 
both the carboxyl group and the imidazole nitrogen site. 
Therefore, although the results presented in this chapter 
indicate that in monofunctional molecules, the amino, 
imidazole, and sulfhydryl groups do not interact with 
Priiti),; 2h the molecule also contains a carboxylic acid 
group tocated such that chelation can oecur,, then inter— 
aceon, at these functional groups might ealso, be importance. 
It will be important in future studies to determine with 
which pairs of functional groups and under what solution 
conditions chelation becomes important. These results 
are of interest in view of the structural and conforma- 
tional information which can be obtained from lanthanide 
induced shifts if a single lanthanide ion interacts at a 
unique binding site of the molecule of interest (26). 

It should be noted however, that in many peptides and 
proteins, the potential coordination sites are separated 
and the molecular structure is such that it is unlikely 
that more than one functional group would, or even Could. 


simultaneously coordinate to the same metal ion. In such 


ea) 


“Weigel: 


: eae | 
&, gp luoy i iy 


Pete é 
ve? a 
os 


) 436 body ant eb Bh la 
) 


' 
= 
* 
7 
, 


; ; - rt 
a : ot 
} bid A WeeZe onions -% eM one >: 


/ Use) # 6 mas c Txt e 
Brea maios. atte 
= * 
‘ ; 4 tii ~ art F 
. <4 i a , 
fre cnote iymodberr ede. 
es rae ¥ _ 
bol 7 te 
i= tey a A orn s 
4. - 
* - | 
q z Aa is is “7 @ 
i 1 ® 
= — a - 
i fain te 919 152 SRK 


a 7 . . fi Bx a 
ei hs s aluskben oda U2 DORE 


_ 
2 ‘ “$e41'9 mzity al e gues -_ 


4 s 
- 


i 7 r. 
- * t 
4% 1 Y x. M She  ¢ 
aq a j 
‘ 
“a ly 
3 Lad Keun i = dé is . Cpe 
6 y \ ae 
at bp ae eae RU) RAP 
\ ; t (Ved op amy 2 iD 
C 
H ; 
5 , 
_ 4 = bo ® i 9 
aL abel Fil : “ : 
r 7 7 4 
: Lo 851 tin ei 3 GI Sa PN 
, , a « okt a be ae ay Sas sft =a rere: 
SP aee FE vv Lea) sl. sé » = vO he . aes <a 
a iY : ; 
> > 
H Ry ie af 
_ 
- a a 
~  & Lp Sr a = 


TAH Ao be ag 

vit, 7 

ey eee {Jos etise af 

-?: J 7 7 

i : ; sn” 
- ; ‘ 


176 


cases, the present results indicate that the lanthanide 
cations would complex only the carboxylate group of the 


peptide or protein molecule. 
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CHAPTER VIII 


AMINOPOLYCARBOXYLIC ACID CHELATES OF Priya 
ee ee At) Ao 


AQUEOUS SHIFT REAGENTS 


INS Introduction 


In this chapter, the ethylenediaminetetraacetic 
acid, (EDTA), the N-(2-hydroxyethyl) ethylenediaminetri- 
acetic acid, (HEDTA), and the cyclohexanediaminetetra- 
acetic acid, .(CDTA) chelates’ of Prillt) are investigated 
as aqueous solution shift reagents. 

The results presented in Chapter VII indicate that 
the use of the hydrated lanthanide cations as shift re- 
agents in aqueous solution is limited due to their pre- 
cipitation as lanthanide hydroxides above ca. 6.5. By 
complexing the lanthanide cations with aminopolycarboxylic 
acids, they remain in solution at high pH. In addition, 
the lanthanide cations are known to exhibit large 
coordination numbers (65) and some 8-, 9-, and 10- 
coordinate species have been characterized (66). There- 
fore the praseodymium chelates are expected to be capable 
of complexing substituent molecules, and thus functioning 
aeeshitte reagents, over a large pH range Ihe interac] 
tions of several praseodymium chelate shift reagents with 
the carboxylate, amino, sulfhydryl, sulfonate and imida- 


zole functional groups are considered in this chapter 
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B. Results 


Tl The =Pr (111) Complex "of EDTA as van Aqueous Shift 


Reagent 


The ethylenediaminetetraacetic acid complex of 
praseodymium(III) was investigated as a possible shift 
reagent for use in aqueous solution. The formation con- 
Seant -OLethis complex, 3.6) x ie (68) is large, sug- 
gesting that praseodymium hydroxide would not precipitate 
in the presence of an equivalent amount of EDTA until 
very high pH. However, the PrEDTA complex itself pre- 
Cipitated from aqueous solution after a few minutes, 
except at very high pH (> 12.5). PrEDTA -acetate and 
PrEDTA -methylamine solutions also formed a precipitate 
shortly after preparation. Dobson and coworkers (55) 
showed that EDTA complexes of the lanthanides would act 
as shift reagents for AER aeadeS “in aqueous solution. 
Presumably complexation to the nucleotide solubilizes 
the PrEDTA complex. While this thesis was being written, 
Reuben (56) reported that EDTA complexes of the lanthanide 
Cations induce shifts ins the NMR spectra of salicylalde- 
hyde and o-nitrophenol by complexation to the deproton- 
ated hydroxyl group. However, they used the lithium 
salt of EDTA and LiOH to adjust the pH. Presumably the 
lanthanide-EDTA complexes are soluble in the presence of 


the lithium cation, whereas the results of this research 
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indicated that PrEDTA is insoluble in the presence of 

+ + : 
both Na and kK . For this reason it is unlikely that the 
PrEDTA complex would be a suitable shift reagent. for 


general use in aqueous solution. 


2. The Pr({fII) Complex of HEDTA as an Aqueous Shift 


Reagent 


The N-(2-hydroxyethyl) -ethylenediaminetriacetic 
acid complex of Pr(III) was investigated as a possible 
shift reagent for use in aqueous solution. PrHEDTA is 
soluble over the pH range from less than 1 to greater 
than vl2. it has a large formation constant, 4. ls ye 
(69), and therefore prevents the precipitation of praseo- 
dymium hydroxide at pH less than 12. The HEDTA resonances 
of the PrHEDTA complex do not interfere with the reson- 
ances of the substituent molecule being studied. Indeed, 
the proton NMR spectrum of the PrHEDTA complex was never 
observed, although a 3500 Hz region of the spectrum was 
Searched at temperatures ‘ranging from 25°C to 95°C. “The 
NMR spectrum of the PrEDTA complex has been observed at 
80°C \(70)= Presumably at the high temperature the = rate 
of any intramolecular exchange of the ligand is fast on 
the NMR time scale, resulting in sharp resonances in the 
NMR spectrum. At lower temperatures, and probably over 
the entire temperature range examined in the PrHEDTA 


system, the rate of this exchange seems to be intermediate 
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on the NMR time scale, and broadening of the spectral 
resonances makes them unobservable. In the PrHEDTA com- 
plex, and in other such praseodymium chelates, the 
praseodymium ion is not coordinately saturated by the 


chelating ligand. For example, in the PrHEDTA complex 


it is expected that five, or possibly six, of the possible 


coordination sites are occupied by HEDTA. Presumably, 
the remaining coordination sites are occupied by water 
molecules, which can be displaced by substituent mole- 
cules. In this manner, the praseodymium chelate can 
coordinate other molecules in the solution, and Pr (III) 
induced chemical shifts will be observed in their NMR 


Speccra. 


i) The Carboxylate Group 

The interaction of the PrHEDTA shift reagent 
with the carboxylate group was investigated by studying 
the PrHEDTA-acetic acid system. The chemical shift of 
the acetate resonances was monitored as a function of pH 
fOEwarSsolucion containing O0O.1ii M Pr(C10,) 3, O.11ii M 
HEDTA, and 0. 700UMyacetic acid. This chemical shift daca 
is presented in Figure 18, along with the chemical shift 
titration curve of the acetate protons in a solution 
containing only acetic acid for comparison. The shape 
of the titration curve indicates that, at pH less than 


6, the observed chemical shift, and therefore the amount 
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Figure. 13°. 


pH dependence of the chemical shift of the 
methyl protons Of acetic acid in jan aqueous 
SOLlUtLLOM containing =O. 0505 Mi acericeacra 
(solid points) and in an aqueous solution 
Containing 0,100) M-aceticmacia, 0. 


Pe (ClO wand a0 albh M HEDTA (open points). 


Ad 


182 


of shift reagent-acetate complex increases at the same 
rate as the acetic acid deprotonates, but at pH greater 
than 6, the concentration of shift reagent-acetate com-= 
plex apparently decreases with increasing pH. The shape 
SewLickgraph indicatesmthat, although there is some shift 
reagent-—acetate complex present over the entire pH range 
I to il, only a small fraction of the acetate exists in 
that form at pH values greater than 9.5. Gupta and 
Powell have reported a value of 3.69 for the logarithm of 
the formation constant of the PrHEDTA(OH) complex (71). 
The magnitude of this formation constant indicates that 
abl apH of, 20.31 only half the erHEDTA in the solution 

is complexed to hydroxide. The chemical shift titration 
curve of the PrHEDTA-acetic acid solution (Figure 18), 
suggests that at this pH, only a small amount of the 
PrHEDTA ss Stil )-available, for complexation Co, acetate. 
In an attempt to resolve this ambiguity, potentiometric 


titrations of all.27 x 105” 


M solution of HEDTA and of 

a 1.27 x 10°° M solution of PrHEDTA with 0.0536 M NaOH 
were obtained. These two titration curves, presented in 
Figure 19, are consistent with the value of the formation 
constant of PrHEDTA(OH) reported by Gupta and Powell 
(71), A comparison, of the two titration curves indicates 


that at pH 9.5, the PrHEDTA solution has consumed only 


three equivalents of hydroxide corresponding to the 
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figure 19. Potentiometric titracvon, curves foretne 
titration of 250 ml of an aqueous solu- 
tion ‘containing 1:27 x 105°°M “HEDTA 
with 0.05356 M NaOH (upper curve) and 
for the titration of 250eml ofan 
aqueous solution containing 1.27 x 1073 
Pr(ClOu)s and 1227 x 109° M HEDTA-with 
0.05356 M NaOH (lower curve). Each 
solution titrated also contained 0.3 M 
NacClO, to maintain a constant pH 
throughout the titration. 
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titration of the three acidic hydrogens of HEDTA. The 
chemical shift titration curve indicates Ghat, soy sore, 
a large fraction of the PrHEDTA is apparently no longer 
available to the acetate, suggesting that it might exist 
in a hydroxide-complexed form. However, this would show 
up in the pH titration data as the consumption of four 
rather than three equivalents of base to reach pH 9.5. 
Part of the inconsistency between the potentio- 
metric titration and chemical shift titration curves 
could be attributed to a contribution to the observed 
chemical shift from shifts induced by unchelated Pr (IIT) 
in solution. Calculations using the formation constant 
of the PrHEDTA complex (69) and the chemical shift of the 
Pr (OAc)-" complex, determined in Chapter VI, indicate 
eagiehe. cle Sap be eae Mvconcentration cf free Pr(iii)} min 
solutz10on would contribute, 0.03 ppm to ene observed chem— 
LcaleShLet..) SUCH an aincertainty reduces the precision 
OLeany Calculations. “However, when a 102 excess vor 
HEDTA was present, the acetate chemical shift titration 
curve showed the same behavior as that of Figure 18, with 
a small decrease in the magnitude of the PrHEDTA induced 
shift. This decrease in the Pr(III) induced shift is 
probably due to competition of the excess HEDTA with the 
acetate for the free coordination sites. The presence 
Of Pr(Iil) induced shifts even in the presence of excess 


HEDTA indicates that PrHEDTA and not Pr (Lil). us 


i] 
8 ‘ _ 
Ve. j ' .F 
eS a} ; Cd 
: iz aan oa 


"4 ep Ff © - 
; x tri ic' aA : | 
ce saigiion-sbixe ig a ag 
een Lis ‘X 4 i Pe ye be 3 on 7 a6 > te a 
i we : <i -. 
+ 5 PAB sotenti? My me az 
mn. ' = rahy - a 7 ry 
Sie : 7 - ’ _ 
= ys eae bas vip ean nde 2 atteyx 
i. _ ? g 
} : fe a 
amgont eds Ao 2 
be peti xi j tires hase foi he: 
L * a 3 ho a 7 oy a of 
iis oe iS Oi aed 
jn Lisoiso 
ait) rm 29 cg laiescr aaa Si34 
eb 
! ee ’ ( ve f 4 he re aie Pe fal Kel Lim “ 4 
he vo A 
J f t a Ls , i) Pe at te M OL A Vy 
y 
; 0G ould sod’ bieew 
pop be yoVihsasoke we (we $3 
> 
ee, (9 Oa Swiw: st Awe } ink setepl om 
: ; : . es 
(wes a doaseng) eit 
fT i) , 
2 wi ATW 
bo a9 2K 


Pad ree Pal 


aie 
a a bak we? 


CHEMICAL SHIFT, ppm vs t-butanol! 


Figure 20. 


pH dependence of the chemical 
shift of the methyl protons of 
methylamine in an aqueous solu- 
tien, contatnangs,0™LOaM methydie 
amine (solid points) and in an 
aqueous solution containing 
0.118 M methylamine, 0.102 M 
Pr(C10,)3, and 0.102 M HEDTA 
(open points). = 
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responsible for the chemical shift of the acetate protons 


observed in the data of Figure 18. 


ii) The Amino Group 

The interaction of the amino functional group 
with the shift reagent PrHEDTA was investigated by 
studying the PrHEDTA-methylamine system. The chemical 
shift of the methyl proton resonance was monitored as a 
function of pH for a solution containing 0.102 M 
Pr(Cl0,) 3, 02102 M “HEDTA, and’ 0.118 M CH.,NH,.- This 
chemical shift data is presented in Figure 20, along with 
the chemical’ shitt titration curve of a solution con— 
taining only methylamine. This data indicates that there 
is an interaction between the methylamine and the PrHEDTA 
over the entire pH range 1-12. The two titration curves 
of Figure 20 differ most between pH 3 and 8, suggesting 
that the interaction is greatest in this region. As the 
pH increases beyond 8, the two titration curves begin to 
approach each other and are coincident by pH 12. These 
observations suggest that it is the protonated amine, 
CH4NH,- rather than CH,NH, which interacts with the shift 


reagent. Such an interaction would explain the chemical 


shift titration curve over the entire pH range. The 


conditional formation constants calculated for the PrHEDTA 


complex indicate that it is not completely formed until 


pH 3. At pH 1, about 90% of the PrHEDTA complex is 
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dissociated. At pH 2, only 10% of the PrHEDTA complex is 
dissociated. In Chapter VII it was shown that Pr (III) 
does not interact with methylamine at pH values less than 
ea. 6.5. Therefore the section of the titration curve 

at pH less than 3 can be explained by the increasing con- 
centration of PrHEDTA with increasing pH, resulting in 

an increasing fraction of PrHEDTA-associated CH,NH,”. In 
the pH region 3 to 7, the concentrations of shift reagent 
and CH,NH,” remain constant, and the fraction of PrHEDTA- 
associated CH,NH,”, and therefore the observed chemical 
Shitt; are: also; constant. At a.pH er approximately. 7, 
CH.NH,* begins to deprotonate, resulting in less inter- 


oes 
action between CH,NH, and the shift reagent. This is 
indicated by the methylamine resonance moving towards its 
uncomplexed position. That the deprotonation of CH,NH,” 
is responsible for the high pH region behavior of the 
titration, curve is Supported by the tack thatthe mia— 
point Of that curve is located at the pk of methylamine 


(at Oia) 5 


ip) The imidazole Group 
The interaction of the shiit reagent; BraeprA 
with N-methylimidazole was studied. The chemical shifts 
of the ligand protons were monitored as a fFuneeLony Om DH 
for a solution containing 0.0900 M N-methyl imidazole, 


OELOVM Pr(C10,) 3, and 0.110 M HEDTA. The chemical 
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shift data for the methyl protons of the ligand is pre- 
sented in Figure 21 along with the chemical shift curve 
for the same protons in a solution containing only 
N-methyl imidazole. This data is similar to that presented 
in Figure 20 for the PrHEDTA-methylamine system. Inter- 
action of the protonated and not the deprotonated imida- 
zOle site is suggested by the shape of the titration 
curve, which indicates that the greatest interaction 
occurs between pH 3 and 5, and decreases as the imidazole- 
Nitrogen Site deprotonates.. The midpoint of this tierra 
tion curve is also located at the PK, ofthe ligand )s, 
supporting the theory that the high pH region behavior 

of the titration curve is due to deprotonation of the 


nitrogen site. 


ivjeethe sulrnydry.) Group 

The interaction of the shift reagent PrHEDTA 
with the sulfhydryl group was investigated by studying 
the PrHEDTA-thioethanol system. The chemical shifts of 
the thioethanol resonances were measured as a function 
of pH for a solution containing 0.102 M Pr(Cl0,)3, 
0.102 M HEDTA, and 0.11 M thioethanol. These chemical 
shift titration curves were found to be identical to 
those of the same resonances in a solution containing 
only thioethanol. Thus the sulfhydryl group does noe 


interact with the lanthanide chelate, even at pH 13 where 
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Figure 21. 


pH dependence of the chemical shift of the 
methyl protons of N-methyl imidazole in an 
aqueous solution containing 0.140 M 
N-methyl imidazole (solid points) and in 

an aqueous solution containing 0.0900 M 
N-methyl imidazole, 0.110 M Pr(Cl0,)3, and 
0.110 5M HEDTA (open points) < 
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the sulfhydryl is deprotonated. 


De eles Praclit) Complex of CDTA as an Aqueous Shift 
Reagent 


The cyclohexanediaminetetraacetic acid complex 
of Pr(III) was investigated as a possible shift reagent 
for use in aqueous solution. This complex differs from 
the PrHEDTA complex in that PrCDTA is negatively charged, 
which may result in different behavior with the various 
functional groups, and possibly in the number of Pr(IITI) 
coordination sites occupied by the chelate. The PrCDTA 
complex also appears to have the characteristics required 
of an aqueous shift reagent. It is soluble over the pH 
mangews to. l27 has aslarge formationsconstanc, 2 .u8x hae’ 
(72), thereby preventing the precipitation of praseo- 
aymiume hydroxides. = Ther CDTA = TesonancesvoOrst ner Prep rARcomn— 
plex are not observed, and therefore do not interfere 


with the resonances of the substituent molecule being 


studied. 


1). Lhe: Carboxy late Group 
The interaction of the shift reagent, PrCDTA™ 
with the carboxylate group was investigated by studying 
the PrCDTA-acetic acid system. The chemical shift of 
the acetate resonances was monitored as a function of 
pH for a solution containing 0.100 M Pr(C10,) 3, 0.100 M 


CDTA, and 0.0912 M acetic acid. This chemical shift data, 
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presented in Figure 22, indicates that the PrCDTA~-acetate 
complex is stable up to a higher pH (8.5) than the corres- 
ponding PrHEDTA complex. A comparison of Figures 18 and 
22 also suggests that PrCDTA would be a better shift 
reagent than PrHEDTA for molecules containing the carbox- 
ylate functional group, because PrCDTA induces larger 
chemical shifts in the substituent as well as functioning 


efficiently over a wider pH range. 


ii) The Amino Group 
The interaction of the shirt) reagent, PrcDrA, 
with the amino functional group was investigated by 
studying the PrCDTA -methylamine system. The chemical 
shift of the methyl protons of methylamine was monitored 
asaa LuNnction on ph for a, solution sconcainings0 1 01eM 


Pa (Clo 0201S My) CDTAy) and) 02117 MICH NEW.) Lars 


a) 3” Sa2 

chemical shift data, presented in Table 27, shows the 

same behavior as was observed for the PrHEDTA-methylamine 
system (Figure 20), with the maximum Pr(III) induced 

shift occurring in the pH region from 3 to 8. The PrCDTA - 
methylamine chemical shift titration data can be explained 
by the same reactions as those postulated for the PrHEDTA- 
methylamine system. At low pH (< 3), the ehenmiGades anit 
changes with the formation of the PrCDTA complex. From 
pH 3 to approximately 8, the £ract vOneoObesiiteereagent. 


associated CH.NH 2 and therefore the observed chemical 
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Figure 22. 


pH dependence of the chemical shift 
Of the methyl protons Of vacetucwacia 
in an aqueous solution containing 
0.0305 M acetic acid (solid points) 
and in an aqueous solution containing 
0.0912 .Meacetic.ae1d, 001008 


Pr (C10,)3, and 0.100 M CDTA (open 
DoOLnvs) 
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TABLE 27 


The Chemical Shift of the Methyl Protons of Methyl- 
amine as a Function of pH in a Solution Containing 


Ree CUM PTC As ands U7 IM Methylamine. 


ce og Noe 
12.97 nes -0.018 
12.35 1.018 -0.044 
11.98 itil -0.048 
shawl 1.029 -0.064 
iL 1.057 =a. 
10.85 1.145 =oe0ss 
10.31 Th salle 0.055 
9.86 lear 0.099 
9.46 1.447 0.102 
8.68 1.465 0.110 
8.13 1.470 0,112 
6.75 a7 0 1 Te 
5.08 lee 0.114 
3.55 1.474 0.116 
Sc) 1.469 0.109 
2.68 ledod 0.101 
2.29 1.447 0.089 


a) ppin vs. t-butanol. 

b) Ad is the difference in ppm between the observed 
methylamine chemical shift and that Of sapsOLucion 
containing only methylamine at the same pH. 
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Shift remain constant. At pH greater than 8, the ammonium 
Group of CH3NH,” deprotonates, resulting in less inter- 
action between CH,NH,” and the PrCDTA shift reagent. 

This is indicated by the methylamine resonance moving to-~ 
wards its uncomplexed position. As in the PrHEDTA-CH.NH., 
system, the midpoint of the high pH region titration 


curve coincides with the PK, of methylamine. 


iii) The Sulfonate Group 
The interaction of the shift reagent PrCDTA_ 
with the sulfonic acid group was investigated by studying 
the PrCDTA -methanesulfonic acid system. The methyl 
resonance of methanesulfonic acid was monitored as a 
£uNCt ION Ot pH Lor a solution ‘containing 021075M CH3S03H, 


ates; ui Pr (C10,) and )0)2 113 Me VCDIA.S eine sposi tion ot 


3 
this resonance remained constant over the pH range 2.09 
EOuL2.504, and Les chemical Shift was equalsto Lhat or ad 
solution containing only methanesulfonic acid. It can 
therefore be concluded that there is no interaction be- 


tween the sulfonate functional group and the lanthanide 
chelate. 
C. Discussion 

The results presented in this chapter indicate 
that the praseodymium chelates interact significantly 


with the carboxylate, amino, and imidazole-nitrogen 


functional groups in aqueous solution. This suggests 
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that they would be useful shift reagents for spectral 
clarification and for identification of resonances in 
complicated NMR spectra. However, the Pr(III) chelates 
would not be as suitable as the hydrated Pr(III) cation 
for the determination of the structure or conformation 
of polyfunctional molecules in aqueous solution, since 
the chelates do not coordinate to a unique functional 
group of the molecule (26). 

The chemical shifts induced by the shift reagents 
PrHEDTA and PrCDTA in carboxylate=containing molecules 
are much smaller than those induced by thesPr(iiljeshnitt 
reagent. The PrHEDTA and PrCDTA induced chemical shifts 
measured in this research are also much smaller than 
those induced in carboxylate-containing molecules in 


CDCl. solution by the shift reagent Eu (fod) 3 Gi3 ew SLES 


3 
can be explained by the fact that water is a coordinating 
solvent and therefore the carboxylate-containing substi- 
tuent molecules must compete with the water molecules 
for the Pr(IIl) coordination sites mot occupied by the 
chelating ligand of the shift ereagent.. 

The observation, discussed above in Section B, 
that the protonated amino group and the protonated imida- 
zole-nitrogen group interact with the lanthanide chelate 
shift reagents, suggests that an ion pair formation ‘rather 


than a complexation reaction, is taking place. Because 


PrHEDTA is a neutral species, interaction of the 
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lanthanide counterion with the PrHEDTA must be postulated 
to account for its interaction with positively charged 
species, such as Niu? Anteunis and Callens (54) 
postulate the formation of ion pair clusters to explain 
the effect of added Pr(III) on the NMR spectrum of aqueous 
pentapeptide solutions at various pH values. They sug- 
Gest that the NH,” moieties of the peptides can form 
complexes with Pr(III) via ion pair formation with the 
counterion of the lanthanide salt. Graves and Rose (74) 
observed the formation of ion pairs between the shift 
reagent Eu (fod) 3, Organic cations such as quarternary 
ammonium ions, and their counterions. Their study was 
done in CDCl. SOLU L On win which the low dielectric con- 
stant of the solvent facilitates ion pairing. However, 
ion pairing of guarternary ammonium salts with the hexa- 
cyanoferrate (III) ion, Fe (CN) .> has been observed in 
aqueous solution (75) by proton NMR studies. But this 
isenetesurprising considering) the largeychargesonsthe 
Fe(CN),> Species. —§Becausececine PrCDTA complex is already 
charged, the complexation of the lanthanide counterion 

is not required for ion pairing between the shift reagent 


and the NH * or protonated imidazole groups. 


3 
The proposed ion pair formation between the pro- 
tonated amino and imidazole sites and PrHEDTA, is sup- 


ported by the observation that PrHEDTA induces shifts in 


the NMR resonance of the tetramethylammonium ion, TMA, 
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(see Chapter VI, Section FE). In this species, the nitro- 
gen atom is coordinately saturated and cannot form com- 
plexes. Thus the formation of an ion pair must be respon- 
sible for the PrHEDTA-TMA interaction. 

These observations have several implications for 
the use of shift reagents in aqueous solution (67). 
First, TMA is not a suitable NMR reference compound 
because of the possibility of its interaction with the 
shift reagent. Second, the geometry of the ion pair 
cluster must be rigid or must have definite preferred 
orientations or the praseodymium(III) induced shifts 
would average to zero. The formation of one or several 
species of definite orientation facilitate the extraction 
of structural information from lanthanide induced chem- 
ical shifts (26). Third, the counterion of the lantha— 
nide salt must be interacting with PrHEDTA to a certain 
extent, resulting in a negatively charged species. This 
interaction iS not. Observed an Pr (itl) shirt reagent 
systems since four perchlorate anions would need to be 
associated with a Pr(III) ion to provide a negatively 
charged species. In addition, the geometry of an ion 
associated with a hydrated Pr(III) ion would be much less 
rigid than that of the PrHEDTA system. 

The results reported in this chapter suggest that, 


although the PrHEDTA and PrCDTA species do not interact 
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with polyfunctional molecules at a unique coordination 
site, it should be possible to design other lanthanide 
chelate shift reagents which would interact selectively 
at positively charged centres via an ion pair formation. 
The diethylenetriaminepentaacetic acid complex of Pr(III), 
PYDTPA*, which is 8-coordinate and has a negative two 
charge, and the nine-coordinate 2,6-dipicoline complex 

Of Pr (ii) | Pridpa) studied by Donato and Martin (49) 


are possible selective shift reagents for positive centres. 
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